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Abstract
In common with other aspects of human behaviour, there has been an increasing 
research interest in the voice, particularly in relation to the production of voiced 
sounds in speech and, to a lesser extent, in singing. There is substantial knowledge 
of the structure and function of the vocal system. This knowledge, however, is 
chiefly located within the voice acoustics literature which has focused on adult 
subjects who have been predominantly male. Where children’s voices have been 
studied, the analysis methods adopted have been, by necessity, those designed for 
use with men’s voices.
The present research outlines the current knowledge of the development of 
vocal structures through childhood and adolescence into adulthood, and highlights 
some of the problems associated with attempting standard acoustic measurements 
with children’s voices. Three experiments are reported using the speaking and 
singing voices of 10- and 11-year-old children. A principal aim was to provide a 
reliable and valid description of children’s voice characteristics by investigating the 
spectrum effects of loudness variation, voice source characteristics, and vowel 
formant frequencies. Standard acoustic and aerodynamic methods of measurement 
were modified, using carefully designed research procedures, in order to circumvent 
the problems of measurement. Experienced singers were chosen to allow for control 
of such acoustic variables as loudness and pitch. The findings from these 
investigations, and the sex-effects apparent in the data, are discussed in light of 
previously reported results derived from studies of adults and children. The results 
showed that, whilst there were some similarities, these children’s voices fimctioned 
differently to adults’ voices. Also, sex differences were apparent which differed 
from previous findings for adults. The present findings were, in general, similar to 
those previously reported for untrained children’s voices. Thus children’s voice 
characteristics can be more conveniently derived from singer subjects with their 
greater skill in independent control of pitch and loudness.
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Chapter One
1. Background
1.1 Introduction
Voice is defined, for the purposes of this thesis, as being the sound 
produced by the pulsating glottal airflow and which is the principal sound 
source for speech and singing. Voice conveys emotion and meaning and is 
relied upon from early infancy as a major tool for communication.
Recent research has estimated that up to 30% of the working 
population in the United States of America (including sales people, certain 
clerical workers and teachers) rely on voice as a primary tool of trade 
(Titze, Lemke and Montequin, 1996). In Finland, this figure has been 
reported to be as high as 43% (Laukkanen, 1995). As with other human 
behaviours, the voice characteristics and habits associated with adulthood 
are likely to have been acquired at an early age. It is profitable, therefore, 
to investigate the voice function of children in order to supplement the 
existing knowledge of adult voice, its normal production and its disorders.
The principal focus of studies of children’s voices has been abnormal 
or deviant production. For example, the perceptual voice quality of 
hoarseness has been investigated in Swedish children due to concerns that 
prevalence has increased over a number of years (Sederholm, McAllister, 
Sundberg and Dalkvist, 1993; McAllister, 1997). An investigation of 58 
ten-year-old children revealed 24% of boys’ and girls’ voices were judged 
to have a greater-than-average level of perceptual hoarseness (Sederholm et 
al, 1993). McAllister (1997) provides an excellent review of the current 
literature regarding children’s abnormal voice production, and presents 
new findings from acoustic studies. Another source of reference for the
clinical study of children’s voice pathology and diagnosis can be found in 
Heylen, Wuyts, Mertens and Pattyn (1996).
What is less well understood is the acoustic realisation of normal 
healthy children’s voices. Whilst normal voice function of adult males 
and, to a lesser extent, adult females has been studied in detail, normal 
child voice function has not. Definitive works in the fields of speech 
science (Borden and Harris, 1984; Baken, 1987; Kent and Read, 1992) and 
voice science (Sundberg, 1987; Titze, 1994) predominantly describe adult 
vocalisation and little reference is made to how this relates to children’s 
voices. In order to provide an effective acoustic evaluation of abnormal or 
pathological voice characteristics in children, it is first necessary to have an 
understanding of the expected acoustic outcomes from normal child voice 
production.
Voice science is concerned specifically with laryngeal activity and 
the characteristics of vocal fold vibration which lead to perceptually 
recognisable voice qualities. It can be considered a specialist area of 
speech science.
1.1.1 Speech science and voice science
The introduction and development of methods of sound measurement in 
the first half of this century has led to the development of a branch of 
phonetics (which deals with the description and classification of phonemes) 
known as acoustic phonetics, experimental phonetics, or speech acoustics. 
Phonetics provides a relatively subjective description of speech sounds 
which is used for research purposes and in the clinical evaluation and 
therapy of speech and language disorders. Acoustic phonetics seeks to 
identify and quantify not only the phonemic contrasts (vowels and 
consonants) in speech, but also the perceptual elements of production 
associated with quality; namely pitch, loudness, and timbre. Speech 
acoustics applies scientific knowledge and theory of the measurement of 
sound to supplement phonetic understanding of how speech sounds are 
produced. The aim is thus to provide objective correlates of the perceived
qualities of speech sounds for use in clinical and other applications. For 
example, the perceptual quality of pitch is related to the frequency of 
vibration (cycles-per-second or Hertz) of a sound, and loudness is 
quantified by overall intensity (decibels).
Acoustic parameters can be measured by applying a Fourier 
transform analysis to the pressure waveform to provide information on the 
amplitude-frequency spectral components of a sound (see Chapter 3 for a 
more detailed overview of the method).
Information has been gathered from many phonetic studies of the 
articulatory processes necessary to produce the wide variety of speech 
sounds, and acoustic research has provided a great deal of information 
concerning the spectral correlates of these sounds. However, as well as 
being evidence-based, speech acoustics continues to adopt a theoretical 
approach to the spectral realisation of differences in sound qualities both 
within and between speakers due to differences in age, sex, health and so 
on.
Timbrai differences between sounds, although often perceived easily 
by listeners, sometimes present a greater challenge in their spectral 
identification. Locating the changes in the spectrum corresponding to a 
variation in sound quality forms a major part of acoustic investigation.
Speech is a particularly effective form of communication in humans. 
As well as its use to convey linguistic messages to others, it includes 
information about the speaker’s emotional state or mood (happy, sad, 
angry, etc) as well as cues to his or her age and sex and, to some extent, 
state of health. Much of this latter information is provided by the voice, 
however. Voice science has developed as a means of studying these voice 
characteristics in more detail.
Subjective descriptors exist which apply perceptual labels to voice 
such as ‘clear’, ‘breathy’, ‘hoarse’, and ‘rough’. In the world of 
professional singing, this necessarily extends to include a classification of 
voice qualities such as ‘bright’, ‘coloured’, ‘light’, ‘dark’, and so forth.
One of the difficulties, however, with a purely perceptual description of the
voice is that often the terminology used is not universally recognised or 
understood. Also, listeners have their own definitions of normal and will 
evaluate each voice in terms of those parameters. This has inevitably led to 
some confusion regarding definitions and terminology amongst both 
clinical and singing professionals. In response to this, at least for clinical 
research purposes, voice evaluation scales have been created which attempt 
to objectify many of the terms used (for example, Hirano, 1981; Sederholm 
et al, 1993). A voice which falls within the clinical definition of normal 
may in fact be the product of abnormal vocal behaviour in the subject. In a 
similar way, what is actually healthy voice production by an individual 
might be diagnosed as unhealthy if it falls outside perceived normal limits. 
For this and similar reasons, inter-judge reliability is often poor (Kreiman, 
Gerratt and Bell, 1996, as cited in McAllister, 1997). Acoustic research 
seeks to identify and objectify the perceptual qualities of voice.
Figure 1.1 is a schematic representation of the relationship between 
speech and voice and the professionals and researchers who are involved in 
each discipline.
SPEECH VOICE
definition product of interaction between sound generated by
voice source and vocal tract pulsating glottal
transfer function for the purpose airflow
of communication
remédiai care speech and ianguage voice therapy and
therapy (logopedics) vocology
m edical/surgicai otorhinolaryngology, laryngology
treatment orthodontics, neurology (phoniatrics)
and others
sc ien ce the study of speech and the study of voice
language (production and characteristics
perception) (production and
perception)
Figure 1.1 Schematic o f relationship between speech science and voice 
science (adapted from Titze, 1994)
One of the aims of both speech science and voice science is to 
provide data on normal production. It is of some interest, therefore, to 
question the reasons for the lack of existing data.
1.2 Difficulties faced in the measurement of children’s 
voices
The most significant reason for the lack of data on children is probably the 
difficulty associated with the measurement of higher-pitched voices. For 
example, wide harmonic spacing results in poorly-defined formants. This 
fact is well documented and a more detailed description is provided in 
Chapters.
Another reason is that often a high level of voice control is required 
to ensure the voicing tasks are performed to the standard required by the 
investigation. Children sometimes do not produce the required response 
either because they have not fully understood the task, or because they do 
not possess the skill to accomplish it.
The difficulties described above were experienced by the author 
whilst assisting on a long-term research project investigating the 
developing singing abilities of several hundred young British children 
(Welch, White and Sergeant, 1995). One of the methods of evaluation 
included in the research design was the acoustic analysis of the subjects’ 
sung responses to a series of vocalisation tasks. The children, some as 
young as 3 or 4 years, each provided a number of sung tokens which varied 
in complexity. A sample of these were assessed by experienced listeners 
for accuracy of pitch-matching, tonality, vowel quality, other timbrai 
qualities and various aspects of musicality. The listeners were also asked 
to identify the age and sex of the singers from taped recordings.
It was intended that the acoustic analysis should provide some 
objective measures to support (or otherwise) the perceptual judgements 
made by the listeners. Classic acoustic methods were used, namely 
fundamental frequency (Fg) analysis to evaluate pitch-matching skills and 
formant frequency analysis to observe differences in vowel quality. Other
spectral features were studied using long-term average spectrum (LTAS) 
analysis in an attempt to provide clues to sex identification and the timbrai 
qualities reported by the listeners.
These analysis methods presented information which was not easy to 
interpret however and thus included a relatively high possibility of 
measurement error. For example, the waveform signal-to-noise ratio was 
often low, particularly in the output from some of the youngest children. 
The method of automatic Fg analysis used is sensitive to peaks in the 
waveform associated with the periodicity of vocal fold vibration. With any 
highly-complex measurement method, parameters must be set 
appropriately to avoid error. In the case of Fg analysis, it is necessary to 
know the expected fundamental frequency range within which the sound to 
be analysed will occur so that this can be set in advance. This avoids the 
possibility that the periodic nature of the waveform will be ‘misread’ by the 
automatic analysis method and the wrong Fg value given. The inclusion 
sometimes of high amplitude ‘noise’ in the signal had the effect of masking 
the period peaks, thus causing inaccurate estimates of where those peaks 
occurred in the waveform. Furthermore, children phonate at a higher pitch 
than adults and, to be confident of accurate results, it was necessary to 
adjust the upper and lower frequency threshold for each phonation to 
ensure no measurement errors occurred. Short time-frame portions of each 
waveform were studied where pitch was relatively constant, and threshold 
limits had to be adjusted with each change of Fg. For this reason, 
automatic Fg analysis was unreliable for use with any series of phonations 
(such as in a song) where Fg varied greatly. It is time-consuming to alter 
measurement parameters repeatedly, and such a task cannot be realistically 
completed on the many waveforms resulting from studies where there are a 
large number of subjects\
Several important questions arose from of the difficulties
' This technique was, in fact, attempted with a small number o f subjects’ phonations, but
software difficulties were also encountered. It seems that, although this and other analysis 
methods have been designed for potential use with children’s voices, the application has not been 
tested fully, and design errors have not been satisfactorily explored in this respect.
experienced during this study of children’s singing. For example, it was 
questioned if the problems of measurement could be overcome or 
circumvented in some way and, if so, what methods of analysis would 
provide the normative data needed to describe children’s (and boys’ and 
girls’) voices.
1.3 Some applications for acoustic evidence
One of the principal aims of this research has been to provide experimental 
evidence to increase acoustic understanding of normal children’s voices. 
Accordingly, these findings should also be of use to clinicians and other 
professionals involved in voice, its management and care.
The ability to evaluate atypical speech and voice in children comes 
from relevant knowledge, training and experience. It is reasonable to 
assume that knowledge of the voice would be enhanced by a greater 
understanding of children’s, rather than just adults’ vocal behaviour based 
on reliable and convincing research evidence. The knowledge gained from 
acoustic studies has the benefit of adding weight to subjective 
understanding, and ultimately to the practice of speaking and singing and 
the treatment of disorders. It can also provide evidence for the need for 
change or adaptation. This knowledge is relevant to all professionals and 
researchers involved aspects of speech, voice and communication.
As Figure 1.1 has demonstrated, the study and care of the voice is 
multi-disciplinary. Professionals and researchers from a number of fields 
are concerned with voice use, development and training as well as with 
treatment of disorders and preventative care. The majority of these fields 
of investigation fall into one of three areas: clinical, educational and 
experimental.
1.3.1 Clinical specialists
Often the first professionals involved in clinical care and treatment of the 
voice are speech and voice therapists (logopeds). Therapists assess the
nature of a communication problem and provide treatment, advice and 
support. Such problems may have resulted from, for example, delayed 
language development, stammering, inappropriate use of speech sounds, 
head injury or degenerative disorders. Voice disorders include vocal fold 
pathology, injury due to misuse of the voice, and other traumas. 
Remediation and treatment are also provided by phoniatricians (ear, nose 
and throat surgeons specialising in the voice) and vocologists 
(professionals concerned with vocal habilitation and treatment of disorders, 
Titze, 1989b).
Clinicians in closely allied fields include audiologists and 
physiotherapists. For example, good understanding of typical (and 
atypical) production of voice sounds is of relevance to the diagnosis of 
hearing loss and the rehabilitation of its effects on speech production.
Often physiotherapy is combined with speech and voice therapy in the 
treatment of patients with neurological disorders or who have suffered 
trauma.
1.3.2 Educational specialists
Singing teachers, choral directors and voice coaches must have a good 
knowledge of voice production in order to train the students’ voices to a 
required standard and to recognise problems when they occur.
Singing is also a popular activity in many schools and yet some 
music specialist teachers and choral directors may have a poor 
understanding of the abilities and limitations of children’s voices. The 
choice of material for singing is often subjective and not based on evidence 
of its appropriateness to the age-group or range of vocal abilities. At best, 
such an approach may result in deterring or excluding some children from 
an important musical experience. At worst, the effect could be damaging 
to vocal health, particularly as children approach puberty. This effect was 
described by Morrison, Rammage, Nichol, Pullan, May and Salkeld (1994, 
p 136) in their book The Management o f Voice Disorders:
Young performers may experience acute muscle misuse voice disorders 
when the requirements o f a cluster of performances rapidly raise the 
frequency and intensity o f voice use to a degree well beyond their usual 
amount. These young vocalists frequently do not have the reserves of  
experience to perceive when strain is occurring and to modify their 
technique to eliminate it.
Also, education researchers are beginning to question the effects of 
training on the development of children’s singing voices, the perceived 
differences between boys’ and girls’ choirs, and whether there is a desired 
sound quality which can be attributed to sex characteristics (Welch, 1994; 
Welch and White, 1995; Sergeant and Welch, 1997).
Not least in an educational setting, teachers are often the first to 
identify communication problems within the classroom and can thus aid 
early and effective clinical intervention. For this reason, therapists tend to 
work closely with teachers.
1.3.3 Experimental researchers
Voice scientists are specifically concerned with the measurement and 
evaluation of the contributory effect of the pulsating airflow on spoken and 
sung sounds, and seek to provide objective information concerning 
perceptual qualities. Such research can be conducted within a clinical or 
educational setting, or it can be basic scientific research. For example, the 
use (and misuse) of the vocal folds in speech and singing is becoming 
increasingly recognised as relevant to voice health. Evaluation of this area 
of vocal behaviour is particularly relevant to the professionals mentioned 
above; namely therapists, phoniatricians, vocologists and singing 
pedagogues. However, this kind of information is also of benefit to 
research and to the direction of research questions.
It is noteworthy that results of scientific research are of interest to the 
industrial and commercial development of voice recognition systems 
worldwide. Such techniques rely heavily on accurate research findings 
regarding the acoustic properties of the voice. As adult male voice has
been the primary area of investigation, it is perhaps not surprising that 
these systems are most successful when adult males are the users.
Advancement in this area continues, however, and greater 
knowledge of children’s voices can only be of interest and benefit to 
those concerned.
1.4 The present research
The above discussions have outlined the need for research to be undertaken 
which will investigate children’s voices under similar rigorous 
experimental conditions as has been previously applied to adult voice. The 
aim of the current research, therefore, was to provide a substantive piece of 
evidence which contributes to the knowledge of voice acoustics in relation 
to children. In order to provide this, there were two major factors which 
had to be considered in the research design.
First, growth and developmental patterns of vocal structures are not 
linear from infancy to adulthood. Children are not merely smaller versions 
of adults and their vocalisations are not simply scaled-down versions of 
adult vocalisations (Titze, 1994). A significant factor is that vocal fold 
morphology changes from infancy to adulthood (Kahane, 1978). Another 
is that pharyngeal length increases as a function of age at a disproportionate 
rate compared to growth of the oral cavity, particularly in males (Fant, 
1966). Children’s vocal behaviour does not match that of adults and, thus, 
our knowledge resulting from adult voice acoustic studies is not sufficient 
to predict the acoustic outcome from children’s vocalisations during the 
many stages of development (the anatomical and physiological aspects of 
vocal development are described in more detail in Chapter 2).
Second, acoustic theory has developed primarily from studies of 
adult male speech, and the methods which exist to measure speech and 
voice have been chiefly designed for use with adult male subjects. It was 
therefore important to question the efficacy of using standard analysis 
methods and methodologies to measure children’s voices. A danger is, of
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course, that measurement results are obtainable whether they be accurate or 
flawed. The devices themselves are not designed to alert the user to these 
problems, and it is solely the responsibility of the investigator to be aware 
of the possibility and degree of error. Consequently, when considering 
results from previous studies of children’s voices, it appears it is also 
necessary to question the validity of at least some of them.
This thesis proposes that, by being aware of the limitations of 
standard analysis methods, and by modifying them appropriately, it will be 
possible to circumvent many of the difficulties previously encountered in 
the measurement of children’s voices. As a result, reliable data will be 
available with which to evaluate normal children’s voice function, and 
which will allow for comparisons to be made between boys’ and girls’ 
voices. Furthermore, as the methods used will be similar to those used in 
studies of adults, data can be compared between adults and children.
1.5 Summary
There is a substantial knowledge-base of the vocal behaviour of adults, but 
data from normal children’s productions is considerably more scarce. As 
vocal tract dimensions differ between adulthood and childhood, it is 
doubtful that reliable estimations of children’s vocalisations can be simply 
extrapolated from results for adults. Where data derived from child 
subjects exist, there remains in many cases a question concerning the 
validity of the results. The lack of reliable data stems principally from 
measurement difficulties associated with analysis methods originally 
designed for use with adult male subjects. Consequently, there is a need 
for research to be conducted which will provide reliable and valid measures 
of boys’ and girls’ normal voices. It is proposed that, by suitably 
modifying standard analysis methods, such data can be provided.
1.6 Research question
The research question consisted of two parts:
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(a) can traditional or modified methods to measure voice source and 
spectral characteristics in adults be used to provide valid and reliable data 
when applied to child voice production?;
(b) using traditional or modified methods, what can be discovered with 
regard to the following questions:
(i) what are the characteristics of voice source, loudness variation 
and formants in children’s voices?;
(ii) are these characteristics different for boys than for girls?
(iii) are they different for children and adults and, if so, what are the 
consequences for evaluation?
A thorough search of the published literature (references to which 
occur as relevant within the chapters of this thesis) has been fruitful in the 
topics of adult speech and voice acoustics, but there is a very obvious gap 
in the acoustics literature of reports of studies with normal children as 
subjects.
The aims of this research, therefore, were:
(a) by collating the evidence of an established multi-disciplinary 
knowledge, to provide a source of acoustically-relevant data on the 
anatomy and physiology of the vocal structures of children;
(b) by choosing specific subjects and vocal tasks, to reduce the 
likelihood of measurement error, thus providing some reliable and valid 
acoustic and aerodynamic data from children’s speech and singing;
(c) to compare results for boys and girls within the present findings;
(d) to compare findings with previous investigations of both adults and 
children;
(e) to outline some of the potential sources of error in acoustic 
measurement of children’s voices.
1.7 Structure of thesis
Chapter 1 has described the history to and development of the research 
questions. Chapter 2 gives a comprehensive description of the
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developmental aspects of voeal anatomy and physiology based on the 
available literature, and Chapter 3 considers the problems associated with 
formant frequency analysis of higher-pitched voices. Chapter 4 provides 
an introduction to the experimental design of three investigations which are 
each reported in a separate chapter; namely long-term average spectrum 
analysis (Chapter 5), inverse filtering of the oral waveform and subglottal 
pressure measurement (Chapter 6), and formant frequency analysis 
(Chapter 7). Finally, Chapter 8 summarises the experimental findings and 
considers them in light of the research questions outlined above.
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Chapter Two
2. Structure and function of the adult and child
vocal mechanism
2.1 Introduction
Fundamental to our understanding of the mechanisms and processes 
producing speech in children is evidence of the structural differences which 
exist between children and adults.
One central assumption needs to be examined; namely, that the child 
vocal tract is a scaled-down model of the adult male vocal tract, and that 
the dimensions of adult female structures can be placed somewhere along a 
continuum between the two. Fant (1966) found that there were, in fact, 
more similarities in the vocal tracts of children and women, than when 
comparing children’s tracts to those of men. This is due mainly to the 
disproportionate growth of pharynx length to oral cavity length, 
particularly in males. Hypothetically, if growth is not linear (je following a 
straight-line trend within and between structures), studies where a linear 
growth and developmental pattern for the vocal tract have been assumed 
for the purposes of extrapolation, may have resulted in errors in 
measurement and judgement being made.
To understand fully the extent of this problem, the thesis includes a 
description of the anatomy and physiology of adult vocal tracts drawn from 
the available literature, and contrasts the differences between the vocal 
tracts of adult males and children. With this knowledge, an attempt can be 
made to predict where, and to what extent, acoustical differences between 
the two groups might occur.
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2.2 Adult structure and function
The vocal tract consists mainly of those structures in the body primarily 
used for breathing, namely the lungs and airways (pharynx, mouth and 
nasal cavities). The larynx is situated in the neck, immediately superior to 
the trachea (see Figure 2.1).
The larynx is made up of honey, cartilaginous and soft tissues as this 
allows for its necessary movement both vertically and horizontally within 
the neck (see Figure 2.2). The hyoid bone, the only bone which is closely 
associated with the larynx, is independent of the skeleton and serves as a 
‘hitching post’ for tissue connections between upper and lower vocal tract 
structures and tissues (Titze, 1994).
The thyroid cartilage consists of two plates which are joined 
anteriorly. This structure protrudes, particularly in adult males, at the 
throat and can be identified as the ‘Adam’s apple’. Directly below the 
thyroid cartilage, and attached to it by a ligament, is a ring of cartilage 
called the cricoid cartilage (Figure 2.2).
The cricoid cartilage is immediately superior to the rings of the 
trachea, the airway leading to the lungs. Placed posteriorly within the 
larynx, and immediately superior to the cricoid cartilage, are the two 
arytenoid cartilages, which are connected to the thyroid cartilage by the 
thyroarytenoid muscles (see also Figure 2.4(a)). These paired muscles, 
which form the bulk of the vocal folds, consist of two bundles, the 
thyrovocalis (or vocalis) and the thyromuscularis (or muscularis). Titze 
(1994) describes the possibility that the muscularis may be used to shorten 
the vocal folds, and the vocalis for fine-tuning vocal fold tension. Tension 
of both bundles causes the vocal folds to shorten and thicken by drawing 
the arytenoids forward. Lateral movement of the arytenoids alters the 
glottal space (the space between the vocal folds) through abduction 
(movement apart) or adduction (movement towards). Whereas the 
thyroarytenoid muscles have the effect of shortening and thickening the 
vocal folds, the crycothyroid muscles, which connect the cricoid cartilage 
to the thyroid cartilage, lengthen by increasing the tension of the vocal
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Figure 2.1 Basic structure o f airways 
(adapted from Titze, 1994).
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Figure 2.2 Lateral view o f the larynx 
(adapted from Titze, 1994).
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folds to raise pitch. Attached to the thyroid cartilage and the base of the 
tongue is the epiglottis which, it is believed, serves to close off the entrance 
to the airway during swallowing. Connecting the laryngeal cartilages to 
each other are the intrinsic muscles, whereas extrinsic muscles connect the 
larynx to surrounding structures. All intrinsic muscles are innervated by 
the recurrent nerve, a branch of the X* cranial nerve (the vagus nerve), 
except for the cricothyroid muscle which is innervated by the superior 
laryngeal branch of the vagus nerve.
The vocal folds are situated within the larynx and consist of 
epithelium, three layers of the lamina propria, and the vocalis bundle of the 
thyroarytenoid muscle which makes up the bulk of each fold. In adults, the 
superficial layer of lamina propria has loose, flexible fibres, the 
intermediate layer consists of primarily elastic fibres, and the deep layer is 
mostly made up of collagenous fibres (Figure 2.3). It is these folds (either 
wholly or in part) that vibrate in the airstream from the lungs to produce the 
sound characteristic of the voice.
2.3 Phonation
Phonation is the conversion of air pressure into sound. Expired air is 
passed through the glottis into the vocal tract and is emitted through the 
mouth and/or nose. Phonation differs from breathing in that it provides an 
audible sound, the purpose of which is communication. For the purposes 
of voice science, phonation is said to occur when vocal fold vibration is 
present. Figure 2.4 (a) shows the superior view of the larynx, and (b) is a 
frontal cross section showing vocal folds abducted and adducted.
In a resting and breathing position the glottis remains open and 
relaxed. For vocal fold vibration to occur, the vocal folds must be 
approximated so that subglottal air pressure increases when lung volume is 
reduced. This increase in pressure eventually forces the vocal folds to open 
and, as air passes through the open glottis, a negative pressure is created 
between the folds forcing them together once more, a process which 
includes the Bernoulli effect. The Bernoulli principle states that as the
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Figure 2.3 Schematic section through an adult vocal fold 
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Figure 2.4 (a) Superior view of the larynx (adapted from Borden and Harris, 1984), 
and (b) schematic cross section (frontal) o f abducted and adducted vocal folds 
(adapted from Sundberg, 1987).
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velocity of a liquid or gas increases, pressure decreases. As air escapes 
through the glottal opening, velocity increases thereby causing a drop in 
pressure. The result is that the folds adduct, subglottal pressure increases 
once more, and the vocal folds are forced apart again. The elasticity of the 
vocal folds, combined with the subglottal pressures, causes the folds to 
vibrate. Titze (1994) explains, however, that, using a mathematical model, 
this description of vocal fold vibration is not complete as Bernoulli forces 
are unaffected by the direction of vocal fold movement (inward or 
outward). He goes on to say that as the glottis closes, supraglottal airflow 
acceleration becomes negative which forces the folds to close. The vocal 
tract thus provides the negative-positive pressures which assist in vocal 
fold vibration. The response by the vocal tract air column is delayed in 
relation to the opening and closing of the glottis (an effect which is 
additional to the Bernoulli effect), and only with vocal tract coupling can 
the proper asymmetries between driving force and tissue velocity be 
established.
Vocal fold vibration produces a pulsating airflow which is referred to 
as the voice source. As the resulting sound waves pass along the vocal 
tract, they are modified (filtered) according to the vocal tract shape (see 
description of source-filter theory of vowel production given below). 
Different vocal tract modifications produce different sounds, and the 
greatest changes to vocal tract shape occur by use of the articulators 
(movable structures such as the tongue, jaw, velum and lips). It is clear, 
therefore, that developmental changes in vocal tract shape also affect 
output.
2.4 Developmental aspects of vocal tract structure and 
function
It has been stated above that the child vocal tract can not be accurately 
described in terms of a scaled-down version of the vocal tract of an adult 
male. One of the aims of this research is to detail in some depth the nature 
and extent of the accuracy of the measurements made of the voices of
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children using standard acoustic techniques. For this it is necessary to 
understand the anatomical and physiological development of the vocal tract 
from birth to adulthood, and to take into account the developmental 
differences that might occur, and at what point they occur, between sexes.
From an extensive review of published data, Kent and Vorperian 
(1995) have produced a document which charts the development of the 
craniofacial-oral-laryngeal anatomy of humans from infancy to maturity. 
They have taken the findings of over 200 published works from research 
and clinical journals from the disciplines of, amongst others, surgery and 
medicine, orthodontics and speech and language pathology. Somewhat 
earlier, in 1968, Zemlin outlined some age and sex differences in his book 
Speech and Hearing Science. These two works have provided the source 
for much of the following description of vocal tract development from 
birth, through childhood and adolescence, to adulthood, and many of the 
references below have been obtained through those sources.
For the purposes of this thesis, the following definitions of the 
developmental periods of childhood are used. They are consistent with 
those given in Kent and Vorperian (1995), as attributed to Valadian and 
Porter (1977):
infancy age 0 to 2 years
childhood girls = 2 years to 10 years, boys = 2 years to 12 years
adolescence girls = 10 to 18 years, boys = 12 to 20
prepuberty girls = 10 to 12 years, boys = 12 to 14 years
puberty girls = 12 to 14 years, boys = 14 to 16 years
postpuberty girls = 14 to 18 years, boys = 16 to 20 years
2.4.1 Pharynx
The newborn child has a pharynx which is 4 cm long and approximately 3 
mm wide (Crelin, 1973). By adulthood, the pharynx is approximately 12 
cm long; its growth having been almost entirely in the vertical dimension. 
This pharyngeal elongation is more notable in males than in females. The 
nasopharynx grows vertically at a uniform rate of just under 1 mm each
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year to age 18, a total growth of around 12 mm (Subtelny, 1954). By age 
5, the posterior walls of the nasal and oral parts of the pharynx meet at an 
oblique angle, rather than the gradual curve found in the newborn infant, 
and by puberty this junction forms almost a right angle.
2.4.2 Mouth and nose
Subtelny (1954) also found there to be a rapid growth of the soft palate 
between the ages of 0  and 2  years, a more uniform growth from age 2  to 
age 4 or 5, with growth slowing thereafter. An annual increment of around 
0.74 mm per year is found in both males and females. The soft palate 
increases rapidly in thickness in the first year of life, but the increase is 
slower after that, reaching a maximum at age 14 to 16. Sex differences 
have been noted in velopharyngeal function for speech in adults (McKerns 
and Bzoch, 1970), although this has not been fully investigated in children. 
There is, however, some evidence of changes in velopharyngeal closure 
patterns between childhood and adolescence (Siegel-Sadewitz and 
Shprintzen, 1986).
The lymphoid tissue in the nasopharyngeal area, known as 
nasopharyngeal tonsil or adenoids, grows in early childhood and then 
atrophies. Hypertrophy of this tonsil during childhood may lead to an 
obstructed passage for nasal air flow. Velopharyngeal or nasal resistance 
to air flow, therefore, could be increased in young children relative to older 
children or adults (Kent and Vorperian, 1995). The development of the lips 
is rapid between birth and age 2 (Burke, 1980), with a second spurt 
occurring between the ages of 10 and 16 years (Mamandras, 1984). At 
birth, the tongue almost entirely fills the mouth. The posterior one-third of 
the tongue descends into the pharynx to the region of the hyoid, its position 
being stable by about the age of 4 or 5 years. Scammon (1930) has 
reported the tongue as being 90 per cent of its adult size by age 8  to 10, but 
a study by Siebert (1985) found this stage of maturity of the tongue to be 
not reached until age 16.
23
2.4.3 Trachea
The trachea is situated interiorly to the larynx and is composed of hyaline 
cartilage rings. Its length in adults is about 11 or 12 cm, and it has a 
diameter of about 2 to 2.5 cm (Zemlin, 1968). Tracheal diameter is around 
3 mm in premature infants (Tucker and Tucker, 1979).
2.4.4 Larynx
Laryngeal growth is rapid in the first 18 months of life; the cartilages, 
muscles, mucous membranes and submucosal tissues becoming firmer and 
less pliable over this period (Tucker and Tucker, 1979). The infant larynx 
has one-third the dimensions of the adult larynx, with a width (at the upper 
margin of the thyroid cartilage) of around 2 cm (Crelin, 1973; Tucker and 
Tucker, 1979; Bosma, 1985; Verhulst, 1987). Sex differences are 
noticeable by puberty (Kahane, 1978; 1982), and possibly as early as 3 
years of age (Crelin, 1973). Zemlin (1968) quotes a study by Nanck (1942) 
as reporting the infant larynx as being not only smaller than the adult 
structure but also proportionately so in relation to the size of other 
structures. From prepuberty to adulthood there is greater growth seen in 
the male larynx compared to females. However, the overall shape changes 
little except for the anterior aspect of the thyroid cartilage for which the 
laminal angle is more pronounced in males (90°) than females (120-130°) 
by adulthood. Zemlin, however, quotes Kahane (1975) as stating the 
thyroid cartilage angle differences in adult males is only slightly more 
acute than in females. The overall enlargement of the thyroid cartilage is 
greater than that of the cricoid cartilage, which is in turn greater than that of 
the arytenoid (Bosma, 1975; Kahane, 1982). The increase in length is also 
greater for males in the period between prepuberty and adulthood, being 
three times greater than for females (Kahane, 1982) and, similarly, cricoid 
cartilage dimensions are two to three times greater in males. Titze (1994) 
describes the thyroarytenoid muscle as increasing in bulk during this period 
for males. Arytenoid pubertal height differs from adult measures, although 
width does not (Kahane, 1978, 1982).
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The larynx position in the vertical dimension is higher in infants, 
being in close approximation to the hyoid bone, relative to adults (Laitman 
and Crelin, 1976; Tucker and Tucker, 1979; Fried, Kelly and Strome,
1982; Verhulst, 1987). Wind (1970) reported a drop from the level of C3 
{ie the third cervical vertebra) to C6  from birth to age 20, reaching the level 
of C7 by late adulthood. Larynx height affects vocal fold position and, 
therefore, the vocal folds occupy a relatively lower position during 
adulthood than during infancy and childhood.
2.4.5 Vocal folds
Each vocal fold consists of the vocalis muscle and covering mucosa. In the 
adult, the lamina propria consists of three layers but its morphology 
develops from infancy through adolescence. At birth, the mucosa is 
proportionately thicker than in older individuals and the lamina propria is 
uniform. The vocal ligament does not appear until between the ages of one 
and four years, and from age six to fifteen, differentiation occurs between 
the two layers (intermediate and deep layers). Adult morphology (that is, 
the three layers of the lamina propria) is reached by the age of sixteen 
(Hirano, Kurita and Nakashima, 1983; Hirano and Sato, 1993) and vocal 
fold elasticity increases with development (Bonnaure-Mallet and Lescoat, 
1989). The vocalis muscle consists of thin fibres in newborns, is fully 
developed by age 27, and atrophies by age 61 (Hirano et al, 1983). Vocal 
fold length increases with age. Reports vary for vocal fold length in early 
infancy as being between 2.5 mm (Hirano et al, 1983) and 8.0 mm (Tucker, 
1980). Titze (1994) reports a difference between sexes in the growth rate 
of vocal fold (membranous) length, being 0.4 mm per year for females and 
0.7 mm per year for males, reaching a maximum length of around 10 mm 
and 16 mm, respectively, in adulthood. Negus (1929, as cited in Zemlin, 
1968) reports that vocal fold length almost doubles during the first year of 
life. He also states that the growth rate of the vocal folds exceeds the 
anteroposterior growth of the laryngeal cartilages in infants by a factor of 
1:2.3, but that this drops to 1:1.5 by the end of the first year. This
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proportion then remains constant throughout childhood, and through 
puberty for females, although males have a period of rapid growth at this 
time. By five years of age vocal fold length has increased to 7.5 mm, and 
by age fifteen the length is 9.5 mm (Negus, 1962).
A study by Verhulst in 1987 records pubertal vocal fold length as 
being between 12 and 17 mm in females, and between 15 and 25 mm in 
males (values similar to those found by Negus, 1929 but somewhat larger 
than those reported by Titze, 1994). From prepuberty to puberty, the 
length of the vocal folds increases twice the amount in males than in 
females. Kahane (1975) found little difference in prepubertal male and 
female laryngeal measures, but that the pubertal male larynx was 
significantly larger than the female. He later reported adult vocal fold 
length as being 28.92 mm in males and 21.47 mm in females (Kahane,
1982). A study by Kazarian, Sarkissian and Isaakian (1978) found a steady 
increase in vocal fold length from birth to sixteen years of age, with sex 
differences occurring between the ages of six and ten years.
Fundamental frequency lowers at a rate roughly corresponding to 
laryngeal growth. Kahane (1982) warns that, although it is known that 
fundamental frequency is related to vocal fold length, thickness of the 
vocal folds should also be considered a factor. Titze (1994) disagrees, 
however, stating that although thickness increases the overall mass of the 
vocal folds there is no obvious consequence on Fq.
Onset of adolescent voice change is reported (Hollien, Green and 
Massey, 1994) to occur in males between the ages of 12.5 and 14.5 years, 
and that the period of change lasts approximately 1.5 years. Voice quality 
changes typical during adolescence are likely to be caused in part by the 
development of collagenous and elastic fibres of the vocal ligament which 
adds mass to the vocal folds and leads to increased stiffriess (Hirano et al,
1983).
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2.4.6 Vocal tract
Vocal tract size increases with age, its overall length being 8.75 cm for a 
‘very small child’, and 14.5 cm and 17.5 cm for adult males and females 
respectively (Zemlin, 1968). Fant (1966) states that most male-female 
differences in vocal tract size are related to the pharynx which, in females, 
is shorter relative to the mouth. The scaling factors suggested by Fant 
(1960) are, however, uniform for adult female to child vocal tracts. King 
(1952) reports evidence of a slight prepubertal spurt in the female and a 
slight postpubertal spurt in the male when measuring the vocal tract sizes 
of thirteen age groups (three months to 16 years) indicating female-male 
structural differences may be present before the onset of puberty.
2.5 Summary
Summarising these findings, it is clear that there is much evidence to 
suggest that not only do structural differences exist between adults and 
children, but that they also exist to some degree between male and female 
children. It can be hypothesised, therefore, that such anatomical 
differences affect vocal output both at the level of the voice source, and the 
vocal tract transfer function. Kent and Vorperian (1995) suggest that, as 
adult vocal fold morphology is not achieved until age 16, existing vibratory 
models would have to be modified for infants and children. Their review 
also found that the published findings were consistent with the view that 
the glottis is proportionately larger in infants than in adults. It is also wider 
compared to its length in newborns, relative to adult sizes (Verhulst, 1987).
Acoustic analysis should play a major part in measuring and 
evaluating these differences. For example, Kent (1976) describes 
pharyngeal length as being an important factor in accounting for sex and 
age differences in formant frequencies.
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Chapter Three
3. Source-filter theory of vowel production
3.1 Introduction
Speech sounds can be divided into two basic component groups: voiced 
and voiceless sounds. Voicing is said, in speech science terms, to occur 
when a sound is produced with the inclusion of vocal fold vibration, such 
as during the production of vowels. Much acoustic research has focused on 
the production of voiced sounds and the following account is a description 
of vowel production which is used throughout the thesis.
The source-filter theory has traditionally been used to describe the 
acoustic properties of vowel production (Fant, 1960). The speech wave is 
described as being the response of the vocal tract filter systems to one or 
more sound sources, and that the speech wave may be uniquely specified in 
terms of source and filter characteristics. For voiced speech, sound is 
produced at the glottis and is filtered by the vocal tract which enhances 
certain frequencies and attenuates others \
A major development in mathematical and scientific terms has been 
the development of a process (Fourier analysis) by which a sound can be 
broken down into its component parts. Fourier showed that any non- 
sinusoidal, periodic wave can be represented as being the sum of two or
Although source-filter theory is accepted as a powerfiil means o f describing the 
characteristics o f phonated sound, Nordstrom (1977) and others have called for an open-minded 
approach to interpretation of acoustic data, suggesting the formant-based approach may need to be 
abandoned or modified. For example, the theory is based on an all-pole model o f adult male speech, 
whereas it has been hypothesised that children’s speech contains one or more zeroes or anti­
resonances (Klatt and Klatt, 1990). Source-filter theory has been adopted here as (a) it is the theory 
on which most scientific analysis, and published results, are based (b) it is the basis for many o f the 
standard analysis methods available commercially to the researcher and clinician, and (c) alternatives 
are less well documented, tested or available for use.
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more sinusoidal waves of different amplitude, frequency and phase (Figure 
3.1(a)). A Fourier analysis, therefore, is the representation of these 
individual sinusoids in terms of their frequency and amplitude, the 
amplitude spectrum^.
Speech consists of a sequence of complex {ie series of sinusoids) 
waveforms. Figure 3.1(b) shows a schematic representation of a source 
spectrum such as might be produced at the glottis. Each vertical line or 
harmonic represents the frequency in Hertz (Hz) of one sinusoidal wave 
within a complex sound, and its relative amplitude in decibels (dB). 
Spectral energy of the voice source typically decreases by a factor of about 
-12 dB per octave. The frequency of the first partial, the fundamental 
frequency, is representative of the perceived pitch of the voiced sound. All 
harmonics, which form integer multiples of the fundamental, are spaced 
evenly along a linear frequency scale.
Figure 3.2 shows a schematic representation of the voice source plus 
transfer function (filtering effect) of the vocal tract. Diagram (a) shows the 
same idealised amplitude spectrum of the voice source as shown in Figure 
3.1, diagram (b) represents the vocal tract transfer function, and (c) is the 
resulting filtered spectrum showing the resonances, or formants of the 
vocal tract. Radiation from the lips has the effect of a high pass filter on 
the sound and results in an increase in the spectral slope from the - 1 2  
dB/octave fall-off seen at the level of the glottis, to - 6  dB/octave at the 
level of the lips.
Figure 3.2 (c) shows clearly three peaks or formant areas (known, 
from left to right, as Fj, F2  and F3 ). These formants are well-defined by 
harmonics. The relative frequency locations of the formants, particularly 
Fi and F2 , determine the perceptual (vowel) quality of the sound. 
Understandably, much research has focused, and continues to do so, on the 
frequency locations of formants. In the idealised example below, the vocal 
tract transfer function has, for the purposes of demonstration, F 1 and F2
 ^ It is generally considered that any shifts in the phase relationships o f individual sinusoids
within a complex waveform has little effect on perception, and can therefore be largely ignored for 
the purposes o f acoustic analysis of this kind.
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Figure 3.1 The complex waveform shown at the bottom of (a) represents the 
summation of the two sinusoids shown above it. The line spectrum shown in (b) has 
harmonic spacing of 125 Hz (equal to an Fq o f 125 Hz), and shows an amplitude 
decrease o f approximately 12 dB/octave.
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Figure 3.2 Schematic demonstrating the source-filter theory o f vowel production 
with (a) representing the source spectrum, (b) representing the filter, and (c) being 
the resulting formant pattern.
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centre frequencies of approximately 875 Hz and 2375 Hz respectively, and 
F3  has a centre frequency of around 3875 Hz.
3.2 Acoustic analysis of children’s voices
The examples in Figure 3.2 are representative of a neutral vowel with an Fq 
of 125 Hz, an average speaking fundamental frequency for adult males (see 
for example Eguchi and Hirsh, 1969) and with, therefore, harmonic spacing 
at intervals of 125 Hz. Adult females, however, use a mean speaking Fg of 
around 220 Hz, and children’s voices have an even higher mean Fg, at 
around 250-300 Hz (Peterson and Barney, 1952; Eguchi and Hirsh, 1969; 
Hasek, Singh and Muny, 1980; Bennett, 1983). Figure 3.3 illustrates the 
effects on formant resolution of an increase in fimdamental frequency from 
(a) 125 Hz, to (b) 250 Hz and to (c) 375 Hz. With harmonic spacing at 250 
Hz, example (b), the formants are less well-defined but the centre 
frequencies for each can be estimated with reasonable confidence.
However, example (c) shows the extent of resolution effects on the same 
transfer function as in (a) and (b) but with a higher Fg (375 Hz) and 
demonstrates the likely difficulties associated with formant estimation in 
such cases. Lindblom (1962) states that the accuracy of formant centre 
frequency estimation could be affected by a degree of error equivalent to as 
much as Fg/4. He suggests this is due to the clear tendency for the 
investigator to be influenced by the strongest component within a formant. 
In Figure 3.3 (c), it can be seen that the formants are poorly resolved by the 
harmonics of the sound source, and accurate centre frequency estimation is, 
as a consequence, problematic.
In normal speech, fundamental frequency varies between vowels, 
with close vowels (for example /i/ and /u/) having, in general, a higher Fg 
than open vowels (such as /a/). In a study of children’s productions,
Hasek, Singh and Murry (1980) found an Fg range of between 186 Hz and 
332 Hz for production of the vowel /a/. Thus, using Lindblom’s (1962) 
calculation, the upper Fg range for young children could produce
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Figure 3.3 The effects on formant resolution with increasing Fq: (a) Fq = 125 Hz; Fq 
= 225 Hz; and (c) Fq = 375 Hz.
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potentially large errors in formant frequency analysis. Kent (1976, p 422) 
states this quite clearly:
The high Fq o f children’s voices ... contributes to an inherently 
large error in the estimation o f formant frequencies. As Fq increases, the 
probability decreases that a harmonic component will lie proximal to the 
center frequency of a formant. The problem that results is essentially 
one o f increased sampling error: the widely spaced harmonics associated 
with a high Fq give a poor resolution of the resonance characteristics.
The investigator might mistakenly judge a strong harmonic to be the 
peak, or center frequency, o f a formant.
Some attempts have been made to overcome this problem (electronic 
artificial larynx, Fant, 1960, Huggins, 1980; ingressive airflow. Miller and 
Schutte, 1990; whispered speech, Watterson and Emanuel, 1981; Kallail 
and Emanuel, 1984), but often in overcoming one problem, another (such 
as spurious peaks in the case of the artificial larynx, or changes in vocal 
tract configuration between modal and whispering voice) is created.
Standard FFT (fast Fourier transform) formant analysis is, therefore, 
unsuitable for use with children’s voices, with constant Fg, leading to 
unreliable formant estimation results. This has not, however, prevented 
some studies being attempted using young subjects. The first major work 
to include a study of children’s voices using spectrography was by Peterson 
and Barney in 1952. The authors established that the vowel formant 
frequencies of a group of fifteen children were higher than those for adult 
females, who in turn had higher formant frequencies than adult males (the 
F; of some children’s vowels being around half an octave higher than the 
Fj of men’s vowels). In 1961, however, Peterson produced results of a 
study on vowel quality in which he had some difficulty and was able to 
provide just one value for the F, and F2  region of some vowels. He 
described these values as frequency measures each taken from a single 
broad peak which was usually evident in the amplitude sections of some 
open back vowels produced at a high fundamental frequency.
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In 1969, Eguchi and Hirsh produced a substantial work detailing the 
Fg and formant frequency values for groups of children between the ages of 
three and thirteen years, and for adults. Formant frequencies were seen to 
decrease with age in this study also, the most marked reduction being 
between the ages of 3 and 5 years. F2  fell in frequency at a faster rate 
across age groups compared to F 1 .
Bennett (1981), in her investigation of 7- and 8 -year-old children’s 
vowel formant frequencies found that a comparison of boys’ and girls’ 
formant centre frequencies showed consistently lower frequencies for boys. 
However, she recognised that the hypothetical error for the present group 
of children was estimated to be ~ 65 Hz, based on the Eguchi and Hirsh 
values for the age group, and the error estimation of Fg/4 suggested by 
Lindblom (1962).
3.3 Conclusion
The difficulties in measuring higher-pitched voices highlighted above have 
been recognised for some time, and are not only associated with the 
speaking voices of children. For example, adult female singing voices are 
expected to reach fimdamental frequencies well above the upper limit of 
the individual’s normal speaking Fg range. Studies of the acoustic 
properties of the singing voice are becoming increasingly common as 
efforts are made to identify acoustically, and therefore supplement, the 
rather subjective descriptors used in the teaching of singing (see, for 
example, Sundberg’s (1987) description of the singer’s formant). In a 
study of the formant technique of a professional soprano (Sundberg, 1975) 
it was argued that, when singing a note with a particularly high Fg, 
articulation is different from that for speech. Sundberg suggests the reason 
for this difference is one of vocal economy. If Fg is high, say 700 Hz, a 
vocal tract resonance of 350 Hz would remain unresolved by any harmonic 
energy. It appears, in fact, that by controlling the level of jaw opening, an 
action which is known to affect the frequency of the first formant, the 
soprano can increase the frequency of F 1 to equal that of the first harmonic.
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Some attempts have been made to investigate the relationship 
between the vocal tract anatomy of women and children and their 
production of vowels (Lieberman and Crelin, 1971; Fant, 1966; Nordstrom, 
1977; Goldstein, 1979). But as Goldstein points out, most of this work has 
been based on very sketchy anatomical data. Chiba and Kajiyama’s (1941) 
work on vocal tract dimensions includes data on only two children, and 
cavity ratios (mouth and pharynx) for just one female child. However, on 
this limited evidence Nordstrom (1977) concludes that it is probable that 
the vocal tract form varies between men and women/children but, he 
stresses, these anatomical differences only explain part of the formant 
differences. Goldstein’s preliminary results also suggested anatomical 
ratio differences between adult males and children. Importantly,
Nordstrom goes on to say that it is fundamental to our understanding of 
speech communication to discover the underlying reasons for these formant 
differences.
Knowledge of the developmental aspects of vocal structure and 
function associated with childhood is limited. Source-filter theory is an 
extremely useful model for use in speech science, but there are drawbacks 
when applying this adult-based understanding to children’s vocalisations.
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Chapter Four
4. Experimental design
4.1 Background
As discussed in Chapter 1, voice science aims to provide data on the 
acoustic properties of output from individual subjects, or groups of 
subjects, which can then be used in furthering knowledge from a clinical, 
educational or research perspective. A chief aim of the present research 
was to identify and circumvent difficulties associated with the application 
of standard measurement and analysis methods in order to minimise 
errors and to improve reliability and validity of results. In this chapter, 
the choice of analysis methods and the modifications made in their 
application are outlined.
Source-filter theory (Fant, 1960) describes vowel production in 
terms of the sound source (glottal pulses) and the transfer function of the 
vocal tract. This is a commonly-accepted theory and has been described 
in Chapter 3. It is used generally in the application of analysis methods, 
and forms the basis for the experimental design outlined below.
As children are physically smaller than adults they produce 
perceivably different sounds. It has been stated that children have less 
control of the vocal mechanisms used for voice and thus have greater 
inter- and intra-subject variability (Kent and Read, 1992), although this 
assumption is apparently based on rather limited data. What is less well 
understood is how anatomical differences affect output. Children are 
constantly growing and maturing. Chapter 2 has demonstrated that 
development is dependent on not only age but also sex of the child.
As Chapter 2 has also demonstrated, anatomical evidence of
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developmental growth patterns is distributed in the literatures of various 
disciplines each of which focuses on a specific area of vocal anatomy. 
Consequently, few studies have provided descriptions or measurements 
of the vocal tract as a whole. Subsequent disparity between measurement 
points for the various vocal structures has made the task of determining 
overall vocal tract dimensions difficult. The result is that the evidence, as 
it currently exists, offers few clues to the results which might be expected 
from acoustic analysis of children’s voices.
However, acoustic measurements can assist in the identification of 
the differences in production between age groups and/or sexes and can, 
using known correlations from studies of adults, suggest the structural or 
physiological differences which may have caused them. Formant 
frequencies relate to vocal tract dimensions, and voice source data 
provides information on the movements of the vocal folds. Causal 
relationships are, however, difficult to predict. As the knowledge-base 
increases of children’s vocal productions, and theories are supported by 
experimental evidence, the links between acoustic output, physical size 
and growth patterns should become more identifiable.
4.2 Research methods in voice science
Experimental phonetics uses two methods of seeking answers to questions; 
namely, observation and experimentation. Observation includes the 
recording of events as they occur in a given situation. This method is used, 
for example, to discover correlations between acoustic and physiological 
events, and many early experiments were conducted in this way to provide 
the basic principles of phonetic and acoustic theory. Similarly, clinical 
observation can include the use of devices to record objectively-derived 
results for the purposes of assessment and to track development.
Experimentation is used under controlled conditions where 
experimental variables are changed. An example of this method is the 
measurement of speaking fundamental frequency during the production of 
two different vowels. The dependent variable (the parameter observed for
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any changes) is Fq, and the independent variable (the parameter which is 
manipulated by the investigator) is the vowel to be produced.
Depending on the research question, acoustic measurements can be 
made either when the perceptual properties of the sound under 
investigation are known (perceptual evaluation has already confirmed the 
sound category), or when they are predicted {post hoc evaluation is sought 
to either confirm or deny the theorised perceptual results). The present 
study adopts the former of these two investigative methods. Although 
voice perception itself is not being investigated by the present research, it is 
fundamental to the theories on which voice science is based. For these 
kinds of investigations, therefore, only vocal products judged to be 
perceptually-normal by the author were included in the analysis of the data.
Thus, voice science ultimately aims to relate acoustic data to 
physiology. Spectral analysis can quantatively describe the relationship of 
a perceptual outcome to a particular acoustic event, or combination of 
events. This is based on scientific understanding of the acoustic properties 
of sound, and the production and perception of voice.
4.2.1 Instruments
Modem technology has provided a means of investigating acoustic 
properties of voice. It also allows for the direct and indirect study of 
laryngeal activity. The instruments available to measure voice are wide- 
ranging and each has certain benefits and limitations which were 
considered in the design of these experiments.
4.2.1.1 Acoustic methods
Acoustic (spectrum) analysis provides information regarding the relative 
amplitudes of the partials within a given range of fi-equencies of a sound.
The sound pressure waveform resulting from the microphone output 
of a voiced sound provides a means of measuring the periodicity of 
phonation, and from which fimdamental frequency can be calculated. 
Amplitude peaks result fi-om resonances (formants) in the vocal tract and
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can be used to predict likely articulatory positioning during production.
This method of analysis both draws on and supplements phonetic and 
acoustic knowledge. It is most accurate when fundamental frequency is 
low and, therefore, women and children’s voices can cause some problems 
with measurement^.
4.2.1.2 Instruments to measure laryngeal activity
During phonation, air flows from the lungs through the glottis and is 
expelled through the mouth and/or nose. Phonation {ie the conversion of 
air pressure into sound and which involves vibration of the vocal folds) is 
initiated and sustained by the aerodynamic forces in the glottal passage of 
air, subglottal pressure and the elastic properties of the vocal folds.
Laryngeal activity can be viewed in a number of ways. Direct 
laryngoscopy can be achieved by use of a mirror placed in the mouth just 
below the velum. In order to view rapid vocal fold motion, the 
laryngoscope can be fashioned to record movements on high-speed film 
which can later be played back at a slower speed. Alternatively, a 
stroboscope can be used to flash light on the vocal folds, at a sample 
frequency slightly above that of phonation frequency, giving the 
appearance of a slower rate of vibration. These kinds of observational 
methods are common in laryngology clinics but, as instruments must be 
positioned so as to directly view the glottis, they can cause some 
difficulty in their use with younger patients.
Flow glottography is a means of measuring the aerodynamics of 
voicing; namely, the volume of air moving through the glottis as a 
function of time. As the vocal folds vibrate, air passing from the lungs is 
truncated at regular intervals by a closed glottis to produce the pulsating 
airflow characteristic of a periodic sound. The resulting changes to the 
volume of air can be measured from the glottal waveform (usually in 
litres per sec) which can be inverse filtered to give information on glottal 
area function during phonation. Inverse filtering is necessary to eliminate
' A detailed description of this method was given in Chapter 3.
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the contributions from the vocal tract transfer function on the waveform. 
The method can be effective in providing detail concerning phonation 
although manual inverse filtering of the waveform is time-consuming.
Subglottal pressure can be measured directly via, for example, a 
tracheal puncture into the subglottal space, or can be estimated from oral 
pressure measurements (in cm of H2 O) by use of a pneumotachograph 
mask placed over the mouth and nose. This latter method is relatively 
non-invasive and is thus more suitable for use with children.
The laryngograph, or electroglottograph (EGG), is a device which 
uses electrodes placed externally at the throat, either side of the thyroid 
prominence, to measure impedance. The current is conducted across the 
tissues of a closed glottis but, as the vocal folds separate, impedance 
increases. In this way, EGG indicates vocal fold contact for each 
vibratory cycle but, unlike flow glottography, provides no information on 
the width or shape of the glottal space. Also, obtaining a good quality 
EGG signal can be challenging when, for instance, subjects have a high 
degree of subcutaneous fat around the neck area, or those whose larynxes 
tend to shift vertically often or excessively.
4.2.1.3 Choice of instrumentation for the experiments
Three experiments were designed which employed traditional methods of 
analysis. Modifications to these methods were in the choice of subjects 
and in the use of vocal tasks which were designed to circumvent 
measurement limitations occurring during the analysis of children’s 
voices. Young skilled singers were chosen as subjects who would 
present with a greater awareness and control of the voice.
Two types of measurement have been employed (acoustic and 
aerodynamic) to conduct three methods of analysis (LTAS, flow 
glottography and formant frequency analysis).
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4.3 Present research design
The experiments conducted as part of this research were designed to 
describe the characteristics of children’s voices and to compare them to 
previous findings of adults and children. This includes detailed studies of 
both voice source and vocal tract characteristics during speech and 
singing in boys and girls under various conditions. There were a number 
of considerations regarding the design of these studies. These are 
detailed below.
4.3.1 Subjects
Subject selection was an important consideration in the design of the 
experiments. Only older boys and girls, aged 10 or 11 years, were 
chosen as subjects to ensure the tasks would be both within their 
capabilities and easily understood. The age group selected was also 
chosen to provide data on subjects who were at a particularly interesting 
stage of vocal development but who were also likely to be unaffected by 
factors affecting voice associated with the onset of puberty^. Another 
influencing factor in choice of subjects was that they should be 
experienced singers. This demand ensured the children had acquired the 
skills necessary to control aspects of voicing, such as varying loudness 
and pitch independently of one another, as this ability was required for 
voice analysis and formed an integral part of the testing procedure (see 
the more detailed explanations relating to each experiment below).
For the experiments, subjects were selected from both London and 
Stockholm. The practicalities of recording and analysis procedures 
dictated that the British children were included only in the first
In a series of studies o f children’s speech (McAllister, 1997, and personal 
communication) it became apparent that children as young as 10 may already have entered 
puberty, and that current understanding of the stages o f puberty and adolescence might not be 
relevant to the sexual maturity o f all children.
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experiment whilst the Swedish children were asked to perform tasks only 
for the second and third experiments.
4.3.2 Analysis methods
The experiments followed research methods traditional in voice 
acoustics. These methods have been developed and tested in previous 
research. Also, to allow for comparisons to be made with previous 
findings, it was necessary to establish comparable recording, analysis and 
measurement methods to those of earlier studies.
4.3.2.1 Experiment 1 : A study of the effects of vocal intensity variation on 
children’s voices using long-term average spectrum (LTAS) analysis
A significant yet sometimes overlooked variable in the spectral analysis
of speech or singing is the effect of increased or decreased loudness on
the spectral envelope. Valid interpretations of any spectral differences
observed between, for example, a trained and an untrained voice will
require an acknowledgement of voice intensity as a factor. It is therefore
necessary to understand the effects of loudness variations on the spectra
of children’s vocal productions.
Long-term average spectrum analysis is a well-tested method of 
measuring voice characteristics. It has the effect of ‘smoothing’ the time- 
varying aspects of speech or singing, and emphasising the more long­
term characteristics of the waveform and of the voice. Relative energy 
levels in the spectrum can be evaluated using a method of averaging 
acoustic output from a relatively long sample (at least 20 seconds, 
Lofqvist and Mandersson, 1987) of speech or singing.
As well as providing information on voice source characteristics, 
LTAS shows peaks in amplitude related to vowel formants but which are 
the result of averaging a number of productions of several vowels. The 
actual formant frequencies of specific vowels cannot be determined from 
LTAS but, on the other hand, they are not as relevant in this kind of 
analysis as the distribution of energy across the spectrum frequency
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range.
Frequency bands receiving most energy over a period of time are 
thus compared between subject groups and conditions. If the same words 
are spoken (or sung) by all subjects and in all conditions, this method 
provides reliable evidence of the spectrum effects of loudness variation. 
Changes in overall spectrum level, and the difference between low and 
high frequencies, resulting from increases in vocal intensity can also be 
compared between subject groups. This method is useful as a means of 
identifying the overall effects of changes in loudness, which are thus 
relatively unaffected by the fast-changing mean resonance characteristics 
of the vocal tract during speech or singing. In this way, the results 
inform about changes and differences in the voice source and on mean 
formant frequencies.
4.3.2.2 Experiment 2: Effects of pitch and loudness variation on the voice 
source characteristics of 11-year-old children
Vocal fold behaviour is of particular interest in voice science as,
according to source-filter theory (Fant, 1960), the pulsating airflow
resulting from vocal fold vibration constitutes the voice source. Patterns
of vocal fold vibration are considered to principally determine sound
qualities such as age, sex and emotion, and provide much of the
perceptual information relating to individual speaker characteristics
(Monsen and Engebretson, 1977). Furthermore, patterns of vocal fold
behaviour are relevant to vocal hygiene as both chronic and acute misuse
of the voice can result in damage to laryngeal structures (Morrison et al,
1994).
Vocal fold vibration is initiated by an imbalance of pressure above 
and below the glottis due to air being forced upwards from the lungs 
towards loosely approximated vocal folds. Vibration is sustained due to 
aerodynamic forces, including subglottal pressure, the Bernoulli forces 
and the elastic properties of the vocal fold tissues (see Chapter 3). The 
rate of vocal fold vibration {ie the number of times per second that the
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vocal folds abduct ^ d  adduct) and, therefore, of phonation frequency and 
pitch is varied by changes in the mass, tension and length of the vocal 
folds. Inverse filtering of the oral flow waveform provides aerodynamic 
information relevant to type of phonation, sound pressure level, glottal 
closure and regularity of vocal fold vibration.
As mentioned earlier, normal speech does not require pitch and 
loudness to be controlled separately. In singing, however, it is necessary 
to be able to control each independently of the other. Hence, subjects 
who had good singing experience were selected in order to fulfill the 
experimental requirement that fundamental frequency and subglottal 
pressure be varied separately.
Recordings are made of the oral flow output during phonation by 
use of a mask fitted with pressure transducers. The oral flow waveform 
is inverse filtered to remove the effects of vocal tract resonances thus 
providing information relating to the voice source spectrum. Syllable 
repetition has been found to be preferable to sustained vowel production, 
at least in a study of adults, for both aerodynamic and EGG measures 
providing a more realistic approximation to speech (Higgins and Saxman, 
1993). This is because repetition yields a more reliable and constant 
subglottal pressure. The method of repeated syllables in a CV 
(consonant-vowel) context was chosen, therefore, using the vowel /a / 
which has a high first formant and reduces the formant effects on the 
glottal waveform, thereby increasing the reliability of inverse filtering. 
Measurement parameters of particular interest were peak-to-peak (AC) 
amplitude of the glottal wave, vocal fold contact time as a proportion of 
the cycle, and air leakage through the glottis during (incomplete) glottal 
closure.
The bilabial plosive /p/ was used to provide a measure of intra-oral 
pressure and, therefore, subglottal pressure just prior to release. Use of a 
voiceless plosive meant no vocal fold vibration occurred during its 
production, allowing glottal airflow to return to zero, an important 
measurement point, at the end of each syllable. Use of the vowel /a / was
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adopted to provide a high Fj which would be less likely to coincide in 
frequency with Fq. This procedure has become customary in studies of 
adults, and is also suitable for use with children.
4.3.2.3 Experiment 3: Formant frequency analysis of children’s spoken and 
sung vowels using sweeping fundamental frequency production
Formant analysis is used to establish the spectral characteristics
associated with individual vowels. The four vowels chosen for the
formant frequency experiment (/i/, /a/, /æ/ and /u/) represent extremes of
vowel production in terms of both articulation and formant location. Of
interest to the study were the relative positions of Fj and F2  of front and
back vowels in both close and open approximations. Front/back refers to
the part of the tongue which is most raised, whereas close/open describes
the position of the tongue body relative to the palate. Figure 4.1 below
shows a schematic representation of the physiological positions of these
vowels, which are given symbols as defined by the International Phonetic
Alphabet (IPA). The descriptions included in the figure, given in
parenthesis alongside the vowels, describe relative Fj and F2  formant
positions.
close
(Fi low, F2  high) 1 U (F; and F2  low)
front back
and F2  high) æ
a  (Fi high, F2  low)
open
Figure 4.1 Vowel quadrilateral showing position o f the four vowels used 
in the study o f formant frequency (Experiment 3).
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In British English these vowels are found in words such as ‘heed’ 
(/i/), ‘hard’ (/a/), ‘had’ (/æ/) and ‘who’d’ (/u/). The vowels are also 
found in most other languages and results of studies using these vowels 
can thus be compared effectively between languages.
The problems associated with formant analysis of higher-pitched 
voices are well known and have been explained previously in Chapter 3. 
In short, formants that are well defined by the harmonic density at low 
fundamental frequencies are less clearly resolved as pitch increases and 
the space between partials widens. The problem is exacerbated if two 
formants are in close proximity, such as is found for and F2  of the 
vowels /a/ and /u/. As Fq increases, so does the difficulty and error 
associated with measurement.
A study of the upper and lower thresholds ofFg found that 11-year- 
old children phonate in speaking voice typically within a one-and-a-half 
to two-and-a-half octave range (van Oordt and Drost, 1963). More 
recently, a voice range profile (VRP) study was conducted with 10-year- 
old children which showed the control group of children {ie those who 
showed no evidence of voice dysfunction, pathology or mutation) 
produced a mean Fq range of two octaves, approximately between A3  
(220 Hz) and A$ (880 Hz) (McAllister et al, 1996).
The effect of high pitch on the spectrum has been previously 
discussed at some length. The following description relates specifically 
to the analysis of the time-varying spectral characteristics provided by 
spectrography. Figure 4.2 (a) and (b) are schematic representations of 
two narrowband spectrograms where energy is equal for all harmonics. 
The dashed lines represent formant centre frequencies of Fj (678 Hz) and 
F2  (2165 Hz) for the vowel /æ/ as measured in 11-year-old children 
(Eguchi and Hirsh, 1969).
In diagram 4.2 (a), the Fq is 250 Hz and harmonic energy falls 
relatively close to the formants, but it is clear that the possibility of 
measurement error exists. Figure 4.2 (b) shows the same formant 
frequency locations but with an Fo one octave higher than (a) at 500 Hz.
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This Fq is within the upper limit of pitch production for older children 
(McAllister et al, 1996). Harmonic energy does not fall close to either 
formant centre frequency.
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Figure 4.2 Schematic o f harmonic spacing and locations relative to F, 
and Fj (dashed lines) for the vowel /æ/ as found for 11-year-olds (Eguchi 
and Hirsh, 1969): (a) Fq = 250 Hz; (b) Fq = 500 Hz.
The experiment adopts a method of vowel production by the 
subjects with a varying Fq, as opposed to sustained-frequency phonation,
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thus reducing substantially the predicted error associated with wide 
harmonic spacing. Pitch variation should be gradual and smooth not, for 
example, in tone or semi-tone intervals and cover a relatively wide 
frequency range. In this way, the resonator produces formants which are 
more clearly defined over a period of time by the movement of 
harmonics through their centre frequencies. It is necessary that vowel 
quality (and, thus, vocal tract configuration) is maintained throughout 
each phonation to avoid the formant shifts associated with increasing 
pitch.
Vowel production in the pitch range A3  (220 Hz) to E4  (330 Hz) is 
within the capabilities of virtually all normal children (Würgler, 1990;' 
McAllister et al, 1996). As spectrum partials are spaced at integer 
multiples of the fundamental, a sustained vowel produced with an Fq 
which glides from 220 Hz to 330 Hz will have harmonic spacing which 
increases by 110 Hz as a function of time. Any harmonic will be 
enhanced (recognisable by a darkening of the harmonic trace) as it passes 
through a formant, showing maximum energy at the formant centre 
frequency.
Figure 4.3 shows a schematic representation of the effect on 
harmonic spacing of a steadily increasing Fq. As Fq increases from 220 
Hz to 330 Hz over a period of two seconds (%-axis), the partials become 
separated by increasingly wider intervals (y-axis). The same formant 
frequencies as shown in Figure 4.2 (678 Hz and 2165 Hz) have been 
superimposed on the diagram, and the junctions of harmonic energy and 
formant centre frequency are indicated.
Figure 4.3 shows that, above 440 Hz, the whole frequency range is 
included in the sweep of the harmonics. As the Fq increase is less than an 
octave, however, a small range of frequencies remains unresolved by 
harmonic energy. This gap is between the maximum frequency of the 
fundamental and the minimum frequency of the second partial {ie 
between 330 Hz and 440 Hz). A formant located in this region will not.
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therefore, be fully resolved and this must be taken into account during 
measurement where Fj is expected to be low.
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Figure 4.3 Schematic representation o f the effect o f  an increase in pitch 
from 220 Hz to 330 Hz on the first 13 partials. The harmonic placement, 
relative to Fj and F; o f the vowel /æ / (dashed lines) as typically found in 
the productions o f 11-year-olds (Eguchi and Hirsh, 1969), are also
shown.
This procedure provides formant frequency estimation relatively 
unaffected by the errors associated with higher pitches. It is possible, 
however, that a relatively large variation in Fq during sustained vowel 
production will be associated with an adjustment in vocal tract length and 
in formant structure. Larynx height has been found to increase with pitch 
in speech, although professional singers showed less variation (Shipp and 
Izdebski, 1975; Welch, Sergeant and MacCurtain, 1989). As children 
experienced in singing were chosen as subjects, a greater control of the 
vocal techniques necessary to sustain vowel quality and loudness during 
pitch variation was expected. Also, vocal tract length variation may also 
be minimised by a pitch task that is essentially within the lower singing 
register for children (Würgler, 1990; McAllister et al, 1996).
The three experiments above were designed to provide unique data 
on the main aspects of voice properties in children, namely the voice 
source and formant frequencies^. As fundamental frequency and
The order in which these experiments were conducted, and in which they appear in the
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subglottal pressure are both controlling factors for voice, these were 
included as independent variables in the experimental design. Each 
experiment provides data which can be compared with previous findings 
for adults and children (where they exist), and allows comparisons to be 
made between boys and girls. Furthermore, the findings from all three 
experiments result from studies of European children thereby augmenting 
the growing understanding of children’s normal voice which has, 
hitherto, chiefly emanated from studies in North America.
4.3.3 Statistical analysis
Statistical methods have been used to test the significance of the results 
of these experiments. The number of subjects was relatively large, 
especially in the second and third experiments, to ensure a higher level of 
confidence in the statistical results. Inter-subject variability is often high 
in voice science and errors, as a consequence, can also be high. The 
following chapters contain discussions of the results from each of the 
experiments which focus on trends observed in the group data between 
conditions or between boys and girls. A discussion of the actual errors 
observed within each experiment is included only when this was 
considered to be of particular relevance and interest such as when boys’ 
and girls’ voices have been compared (see, for example. Figures 5.5 and
7.5 and Section 6.3.1).
4.4 Summary
Three aspects of voice use were identified as being the essence of voice 
characteristics. The experimental procedures have been modified in 
order to circumvent the problems normally associated with the analysis 
of children’s voices. Comparisons can be made between data for boys 
and girls, and between the present subjects and children and adults from 
previous studies. The methods of analysis are LTAS, inverse filtering of 
the oral flow waveform and formant frequency analysis.
thesis, was based on the availability o f the appropriate measurement and analysis methods and on 
time limitations. These considerations also determined the inclusion o f either British or Swedish 
subjects. Each experiment forms part o f an overall evaluation o f children’s voices, the order o f  
which is not significant to the data collection or evaluation.
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The investigation of voice intensity variation using LTAS analysis 
draws on previously-reported adult studies and provides some normative 
data of children’s voice characteristics. The data also serves as a means 
of predicting the effects on the spectral analysis of sounds produced at 
varying loudness levels and comparing results between sexes. The 
second experiment, to measure voice source characteristics during pitch 
and loudness variation, possibly presents the most detailed information 
on the young vocal system. Flow glottography provides aerodynamic 
measures related to vocal fold vibration. Results can be usefully 
compared to previous data on adults and children. The third aspect of 
voice use is assessed by measuring formant frequencies derived from 
children’s productions. Formant analysis is perhaps the most commonly 
used method of measurement of adult male speech and yet, due to the 
difficulties of measurement, remains the most neglected in studies of 
children. The method used in the present experiment was designed to 
avoid the difficulties associated with higher-pitched sounds by providing 
harmonic intervals which gradually increased, thereby clearly defining 
the vowel formant areas as harmonic energy passes through them. This 
method is used for both spoken and sung vowels thus enabling 
comparisons to be made, not only with previous adult and child data, but 
between voice categories in these children.
The results of these three experiments will combine to provide a 
new and relatively detailed picture of 1 0 - and 1 1 -year-old children’s 
voices during a number of vocal activities. The main aims were (a) to 
determine the appropriateness of using existing measurement methods 
with children, (b) to provide valid normative data regarding boys’ and 
girls’ productions for reference purposes, and (c) to compare the results 
with existing studies of adults and children. The results will be useful for 
understanding the relationship between vocal tract shapes and formant 
frequencies, and between vocal fold morphology and voice source 
characteristics.
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Chapter Five
5. Experiment 1: A study of the effects of vocal
intensity variation on children’s voices using 
long-term average spectrum (LTAS) analysis
5.1 Introduction
It has been well documented in studies of adults that as overall vocal 
intensity increases, there is a greater increase in the amplitude of the 
higher partials compared to lower ones (Fant, 1959; Gauffin and 
Sundberg, 1980; 1989; Sundberg, Temstrom, Perkins and Cramming, 
1988). Fant (1959) found that a 10 dB increase in SPL will result in an 
increase of around 3 dB per octave up to 3 kHz.
There has been some acoustic research relating to children’s 
perceptually-normal speech at varying intensity levels. Stathopoulos and 
Sapienza (1993b; 1997), for example, investigated the aerodynamic, 
acoustic and kinematic differences in respiratory and laiyngeal measures 
of children who were asked to vocalise at varying intensities. The 
subjects, in age groups ranging from 4 to 14 years as well as adults, 
produced syllable repetitions of [pa:] at soft, comfortable and loud sound 
pressure levels. The soft and loud sounds were made at a target level of 
± 5 dB from the subject’s mid sound pressure level. From these 
measures, mean acoustic intensity levels were calculated for the subjects 
for each of the vocal intensity levels and the results were presented by 
age group and by sex. One of the main findings was that men and 14- 
year-old boys function differently from women and all other groups of 
children. The only other acoustic variable tested was pitch, the results of 
which showed that the children’s fundamental frequency (Fq) increased
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as loudness increased. This finding was in agreement with previously 
published data showing vocal intensity to increase by around 8  or 9 dB 
per octave of Fq (Titze, 1989a). Stathopoulos and Sapienza (1997) 
concluded that the laryngeal and respiratory mechanisms used to increase 
sound pressure level differed across age groups and were not easily 
predicted fi*om an adult model.
Glaze, Bless and Susser (1990) took four acoustic measures (Fq, 
jitter, shimmer and signal-to-noise ratio) for two vowels produced by 9 7  
children aged between five and 11 years. They too found fimdamental 
frequency to increase as a function of increased loudness. The subjects 
were asked to phonate at ‘regular’, ‘quiet’ and ‘as loud as you can’ levels. 
The results were presented with girls’ and boys’ data combined as the 
investigators reported no significant sex-based differences in any of the 
measures. They did, however, find significant differences in intensity 
levels between vowels.
Long term average spectrum (LTAS) analysis has been applied in a 
number of studies as a measure of pathological voice or dysphonia (for 
example, Hammarberg, Fritzell and Schiratzki, 1984; Izdebski, 1984), or 
of voice quality in speech (Dejonckere, 1983; Kitzing, 1986; Wendler, 
Rauhut and Kruger, 1986; Lofqvist and Mandersson, 1987; Kitzing and 
Âkerlund, 1993; Mendoza, Munoz and Valencia, 1996; Mendoza, 
Valencia, Munoz and Trujillo, 1996), and in singing (Rossing, Sundberg 
and Temstrom, 1981; Temstrom and Sundberg, 1989; Temstrom, 1993).
LTAS analysis provides spectral information which has been 
averaged over a period of time in order to highlight the more longer-term 
aspects of speech or singing voice use. The method is particularly useful 
when persistent spectral features are under investigation, features which 
might not be apparent in shorter samples or single speech sounds. Also, 
when the sample is long (upwards of 2 0  sec) the resulting spectrum is not 
greatly affected by differences in speech material (Lofqvist and 
Mandersson, 1987). This enables comparisons between speakers and 
studies to be made with some degree of confidence.
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Temstrom (1993) conducted an LTAS investigation of three choirs: 
adult, youth (adolescent boys and girls) and boys singing in different 
environments. The study evaluated the effects on the spectrum of a 
choral sound of several variables (room acoustics, musical material, choir 
type) as well as those of vocal effort, and produced results on dynamic 
range (softest and loudest productions) and overall power for each of the 
choirs. Temstrom also introduced the dimension of a frequency- 
dependent gain factor applied to the data which provided further detailed 
descriptions of the spectral slopes. Given an increase in the overall 
spectrum level, the amount of gain per frequency band could be 
calculated.
The results of intensity variation are of particular relevance to the 
present research. All choirs in Temstrom’s study demonstrated a gain 
factor of around 1.0 at 800 Hz and 2.0 at 3 kHz. This finding predicted 
that a gain of 10 dB in the overall sound level would result in a 10 dB 
increase at 800 Hz and a 20 dB increase at 3 kHz for these choirs. 
However, although the spectral slope for each choir showed the expected 
overall increases with increased loudness of production, the amount of 
gain within each frequency band differed significantly between choirs. 
This result provides spectral evidence of the differences between age- 
groups in voice production. These data are limited, however, to an 
analysis of a choral sound. It appears, from an extensive review of the 
research literature, that no data has been published as yet of the 
systematic inter- and intra-subject effects of loudness variation on the 
spectra of individual children’s singing or speaking voices using LTAS 
analysis, and it is only speculation that the effects will match those found 
in adult subjects.
The present experiment has sought to establish the effects of 
varying vocal intensity on the amplitude spectra of children. The aims 
were:
(a) to show the systematic effects on the spectmm of increasing or 
decreasing vocal intensity;
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(b) to identify those frequency bands which show the greatest gain 
(peak) in amplitude as loudness increases;
(c) to compare results for boys’ and girls’ groups;
(d) to compare the results with the findings of studies with adults.
5.2 Method and materials
The subjects were drawn from two schools in south-west London. The 
girls were from an independent day school which has a reputation for 
good music practice, and the boys were pupils of a state primary school 
with an enthusiastic choir. The music specialist of each school was asked 
to select six or seven pupils aged 1 0  years who were considered to have 
relatively good singing skills and experience. Singing training produces 
a systematised behaviour, and experienced singers are less likely to 
confuse pitch and intensity. Thus, the instructions to the music specialist 
were that subjects should be able to sing mid, soft and loud versions of 
the pre-leamed song without their pitching ability being affected. Fifteen 
subjects, seven girls and eight boys, attended on the day of recording and 
all were included in the study. Of the fifteen subjects, 11 were aged 10 
years, 3 were aged 11 years and one was aged 9 years, the average age 
being 10 years. At the time of recording, a subjective evaluation by the 
author of singing competence suggested that the abilities of the subjects 
were adequate for the task (given the specific demands of the research 
design) but were also somewhat varied, particularly amongst the boys. 
This subject age-range was chosen to ensure the children were old 
enough to understand and complete the tasks, but without having yet 
reached puberty and the vocal changes associated with it. The vocal task 
was for each subject to sing a predetermined and practised song as this 
allowed some control over such variables as pitch and vowel content, 
temporal aspects of production, and interpretation of the loudness levels 
required for the experiment. For this reason also, some level of singing 
experience was required of the singers.
In the weeks before the interviews, the children were taught by
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their music specialist teachers, the first verse of the carol This is the Truth 
(see Appendix A). The subjects were brought to the television studios of 
Roehampton Institute London for the recording sessions (one session per 
school), and were introduced to the researcher and recording 
environment. The studio floorspace was approximately 50 m^ and had a 
relatively short reverberation time. A small (4 m^) recording area was 
fashioned in the studio by positioning soft-cloth sound-absorbing 
partition boards to form a three-sided cubicle, and by placing carpeting 
on the floor.
To calibrate the sound level, the following procedure was adopted. 
The microphone of an A-weighted sound level meter was positioned next 
to the recording microphone connected to a Casio DA-7 digital audio 
tape (DAT) recorder. This tie-clip microphone was used for all 
subsequent subject recordings. The vowel [a:] was produced by the 
investigator at a fundamental frequency of approximately 262 Hz (C 4) at 
a sound level of 73 dB. This vowel sound was recorded on the DAT.
At both sessions the children were rehearsed as a group by their 
music specialist teacher in the singing task and in the conditions of 
singing at a neutral or mid loudness level, a loud singing level and a soft 
singing level.
It was noted that the music specialists described the mid condition 
to the children as being, for example. Tike you would sing in the 
classroom’, the loud condition as ‘as we would sing in a big hall or 
church’, and the soft condition as ‘singing a lullaby to a baby’.
Subjects presented individually to the recording area. The 
microphone was attached to the subject’s clothing, at a distance of 15 cm 
below the mouth measured for each subject, and input to one channel of 
the DAT recorder*.
Subjects were asked to sing the song under the three conditions, in 
the order mid-soft-loud, and were given a starting note from an electronic
' The ‘off-axis’ position o f the microphone introduced a high-frequency loss to the
signal. This does not affect the results, however, which are relative rather than absolute.
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keyboard for each performance of the song. The song was sung in the 
key of F-minor, the notes ranging from Q  (262 Hz) to C5  (523 Hz).
The 45 samples (15 subjects * 3 conditions) and the 73 dB SPL 
calibration sound [a:] were captured at a sample rate of 16 kHz 
(frequency range = 0 to 8  kHz) for analysis to the PC-based 
Computerised Speech Lab (CSL) speech analysis system. The input 
amplification level to the CSL remained unchanged throughout the 
analysis, and was set relatively low such that all productions, including 
loud, could be captured without hard-clipping distortion of the signal.
As mentioned, the calibration sound had a known level of 73 dB 
and it was necessary to equate this with the dB measure provided by the 
CSL for the same sound. An LTAS analysis was performed, therefore, of 
a one-second steady-state portion of the vowel, using a filter bandwidth 
of 250 Hz. This procedure performs a fast Fourier transform (FFT) of 
each frame of a predetermined length of data. The transform size was 64 
points which, given a sample rate of 16 kHz, provided 32 frames for 
analysis. The analysis was thus set to provide the mean level in dB 
within each of the 32 filter bands to 8  kHz, each 250 Hz wide {ie at 250 
Hz, 500 Hz, 750 Hz, 1000 H z ,... to 8000 Hz).
The CSL allows for the storage of resulting numerical data in a text 
file and these data were transferred to a spreadsheet for mathematical 
manipulation and statistical processing. The overall sound level (L^J for 
the calibration sound was calculated as being the amplitude of the highest 
peak within the frequency range, in this case 28 dB. In a sustained 
vowel, LTAS reveals a spectrum SPL approximately equal to the level of 
the strongest partials (Cramming and Sundberg, 1988; Titze, 1989a). 
Hence, by adding 45 dB to this peak, and to the level in each of the 32 
frequency bands, the maximum amplitude became 73 dB thereby 
matching its known sound pressure level at the time of recording.
The 45 subject data files were analysed using the same LTAS 
procedure as for the reference sound. However, instead of a vowel, the 
subjects sang a 25-second song which necessarily contained voiceless
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components, including intakes of breath. It is preferable that the LTAS 
analysis be of voiced sounds only as it is vocal fold function which is of 
interest rather than voiceless sounds such as fricatives or intakes of 
breath. For this purpose, a subroutine was written (Speech Technology 
Research Ltd, Victoria, Canada) into the LTAS analysis program. The 
subroutine distinguishes between voiced and unvoiced portions of the 
waveform by detecting the presence or absence of periodicity in the 
signal and any unwanted data can be excluded from the LTAS analysis. 
Only voiced data were included in the analysis and the resulting 
numerical data were stored in 45 files for later statistical analysis.
5.3 Results
Harmonic information generally did not occur above 6  kHz and any 
energy seen above this frequency was likely to be due to noise in the 
signal. Also, the lowest fundamental frequency lised by the subjects was 
C4  (262 Hz) and, therefore, calculation of the results was restricted to the 
range 250 Hz to 6  kHz.
Amplitude levels were determined for each subject and condition, 
following the procedure described above. The level in each frequency 
band (L^) could then be compared between subjects, and within subjects, 
between loud, mid and soft productions. Also, comparison with the 
calibration sound allowed for measurement of SPL values in the recorded 
output of each subject (individual subject measurement results are given 
in Appendix B).
5.3.1 Mean intensity level
The level in each frequency band, for each of the three conditions, was 
averaged across subjects to produce a mean spectrum amplitude contour. 
The contours were of a similar shape for the loud, mid and soft 
productions of the song.
The amplitude contour shapes were also similar between the boys’ 
and the girls’ groups. A broad peak was present in the 750 Hz frequency
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band in the loud condition, and in the 500 Hz frequency band in the other 
two conditions, in both the female (Figure 5.1 (a)) and the male data 
(Figure 5.1 (b)). The amplitude of this first peak (P J was comparable 
between the girls’ and the boys’ groups for both the loud (90.5 dB for 
both groups) and mid conditions (girls = 88.5 dB; boys = 86.7 dB), but 
there was a sex difference, although not statistically significant using 
analysis of variance (ANOVA) in the soft condition (girls = 82.3 dB; 
boys = 79.0 dB) (see Figure 5.1 (a) and (b)). Figure 5.1 (c) shows the 
group data, and Figure 5.1 (d), (e) and (f) shows female and male data for 
each condition separately.
Broad peaks were apparent in the group data at higher frequencies 
also, at around 3.5 kHz (P2 ) and 4.5 kHz (P3 ), for all conditions, 
representing means of vowel formants F3  and F4 . The P2  peaks were 
higher in frequency (at 3.75 kHz for all conditions) for the females than 
for the males (3.25 kHz for mid and loud, 3.5 kHz for soft). Compared to 
males, the amplitudes of P2  and P3  in the females were lower in the loud 
condition, nearly identical in the mid condition, but higher in the soft 
condition.
A peak in the region of F2  was not clearly discernible. This was to 
be expected due to the relatively high variability of F2  frequency 
locations, compared to other formants, between vowels. However, the 
LTAS contour in the region 1 to 2 kHz was evidently different between 
sexes, being slightly convex for females, and concave for males. P2  was 
lower in amplitude in proportion to Pj in the female data compared to the 
male data.
Los (dB)
loud mid soft
girls 90.8 (15.0) 88.8(15.7) 82.3 (16.8)
boys 91.0 (15.0) 86.9(15.3) 79.1 (15.4)
all 90.9 (15.0) 87.8(15.5) 80.6 (16.0)
Table 5.1 Overall sound level (LgJ in dB (and standard deviations) across all
subjects and groups
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Figure 5.1 Comparison of mean LTAS curves (and standard deviations) within and 
between loudness condition and sex: (a) females by condition; (b) males by 
condition; (c) combined group by condition; and, on the next page, (d) loud voice by 
sex; (e) mid voice by sex; (f) soft voice by sex.
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The mean of individual values was similar in the loud condition 
between the boys’ (91.0 dB) and the girls’ (90.8 dB) groups. However, 
the change in L^ g across conditions, was greater for boys, producing a 1 . 9  
dB difference in the mid condition between the sexes, and a 3.2 dB 
difference in the soft condition.
As Table 5.1 shows, there was a shift in L^ g for the whole group of 
+3.1 dB from the mid to the loud production of the song. The boys’ 
group, however, increased their L^ g by 4.1 dB, compared to the girls’ 
group whose increase was only 2.0 dB. Between the mid and soft 
productions of the song, there was an overall shift of -7.2 dB for the 
group, with the equivalent shift for the boys’ and girls’ groups being -7 . 8  
dB and -6.5 dB, respectively (see Figure 5.2).
5.3.2 Dynamic range
The sound level variation within various frequency bands, henceforth 
referred to as spectral dynamic range (DRg), was calculated as the 
difference between the soft and the loud productions of the song for each 
frequency band (L%) for each subject. Figure 5.3 shows the mean DRg 
and standard deviation (sd), per frequency band, as calculated for the 
whole group, and for the girls’ and boys’ groups.
In the lower frequency range, up to 1.75 kHz for boys and 3.5 kHz 
for girls, DRg tended to increase with frequency. For higher frequencies, 
the opposite was true so that DRg generally decreased as frequency 
increased. Both groups had evidence of peaks in DRg at 1.75 kHz, 
between 3 and 3.5 kHz and between 4 and 4.5 kHz, meaning the 
difference between loud and soft productions was greater in these 
frequency bands as compared to other frequency bands.
The mean DRg and standard deviations for the boys’ group were 
often higher than the comparable values for the girls’ group. The DRg for 
the boys’ group was wider than that for the girls’ group in all frequency 
bands up to, and including 5.5 kHz. The greatest difference in DRg 
between the two groups was 5.5 dB between 1250 Hz and 1500 Hz.
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Figure 5.2 Mean overall sound levels and standard deviations (loud, mid and soft) across
female, male and all subject groups.
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Figure 5.3 Means and standard deviations o f dynamic ranges across all subjects and by sex.
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Spectral dynamic range (and sd) in dB
mean overall 
range
smallest 
mean range 
per subject
greatest mean 
range 
per subject
girls 13.4 (2.0) 11.1 15.4
boys 16.2 (4.5) 9.8 21.0
all 14.9 (3.9) 9.8 21.0
Table 5.2 Mean spectral dynamic ranges in dB (and standard deviations) across
all subjects and groups
The average overall dynamic ranges {ie the mean of mean 
difference in Lfb) are shown in Table 5.2. The smallest overall DR^ for a 
subject, and the greatest, were both found in boys.
The differences in DRg standard deviations between the two groups 
were greatest at 4 kHz and above, where the mean sd for the boys was 
always more than 5 dB. The sd for the boys also tended to increase 
steadily as frequency increased, whereas the sd curve for the girls was 
relatively flat.
5.3.3 Gain
Temstrom, in his article detailing the LTAS characteristics of choirs 
(Temstrom, 1993), used a dimensionless, frequency-dependent gain 
factor to predict the change in spectrum level per frequency band (L%) as 
compared with the change in overall sound level (L^g). This prediction 
was reliant on a generally linear trend existing between and L^ g. For 
Temstrom’s data on a boys’ choir, the correlation for yielding straight 
lines was better than r = 0.9, and better than r = 0.97 for the youth and 
adult choirs (a good fit between the data and a straight line would 
produce a correlation of 1.0). Linearity appeared to exist in the present 
data as is demonstrated in Figure 5.4 (a). This figure shows the effect on 
each Lfb of an increase in overall loudness for one subject. The different 
symbols represent values for each frequency band (dashed lines have
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been drawn linking the symbols within each of the frequency bands). It 
can be seen, then, that as overall loudness increased, L ,^ increased also in 
a linear fashion producing near-straight lines. The standard errors 
produced by the regression analysis {ie the amount per L ,^ the data 
deviated from a straight line) for this subject are shown in Figure 5.4 (b). 
On statistical analysis, correlations for all subjects were indeed better 
than r -  0.9 (Pearson’s correlation coefficient) across all frequency bands 
(see Figure 5.4 (c)).
Linear regression analysis provided slope and intercept values, for 
each subject, for the 24 frequency bands between 250 Hz and 6  kHz for 
the three loudness levels. The slopes for the 15 subjects were averaged to 
produce a gain factor (GF) for the group, and for the girls’ and boys’ 
groups separately. The resulting curves (± one standard deviation) for 
the girls’ and boys’ groups can be seen in Figure 5.5 (b) and (c). Figure
5.5 (a) shows the results of the same calculations, but for the whole 
group.
There were three clear peaks in the curve for the whole group, at 
1.75 kHz, 3.25 kHz and 4.5 kHz. The three GF peaks occurred at 1.75 
kHz, 3.25 kHz and 4.25 kHz for the boys and, for the female data, the 
peaks were located at 1.75 kHz, 3.5 kHz and 4.5 kHz. Also, the GF for 
all three peaks was greater in magnitude for the girls.
Figure 5.6 (a) shows a comparison of the gain factor curves for the 
two groups, as well as for all subjects. Up to 1.5 kHz, GF was almost 
identical for the girls’ and boys’ groups. Above 1.5 kHz, the gain 
between the two groups showed some differences, being of greater 
magnitude for the girls in all frequency bands between 1.75 and 6  kHz. 
Another noticeable sex difference was that the first gain peak (1.75 kHz) 
was of greater magnitude in relation to the second gain peak in the boys, 
but the opposite was true for the girls. This meant that, not only was the
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Figure 5.4 (a) Relationship between Log and L^ , across the three loudness conditions 
in one female subject (dashed lines added to show linear effect o f gain), (b) standard 
errors from linear regression analysis for one female subject, and (c) results o f test 
for linearity within each frequency band, in correlation coefficient (r) values, for all
subjects.
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overall gain in the higher frequency bands greater for the girls than the 
boys, but that the gain was also of greatest magnitude in a part of the 
frequency spectrum which differed quite substantially from that of the 
boys.
The standard deviations for the boys’ group were greater overall 
than those for the girls’ group. The standard deviation in GF was greatest 
for the boys between 5.25 and 5.75 kHz (0.7 dB) whereas, for the girls, 
the sd was greatest at 3.5 kHz (0.3 dB).
The standard errors (from the regression analysis) were generally 
much higher for the boys than the girls, the maximum mean error being 
2.2 GF at 2.75 and 3 kHz (Figure 5.6 (b)). This indicated the gain across 
conditions was typically more linear for the girls than for the boys. The 
boys presented errors of > 1.0 GF for nearly all frequency bands above 1 
kHz. The girls had a maximum error of 1.2 GF at 1.75 kHz, but 
otherwise the error was relatively low at < 1.0 GF across frequency 
bands.
5.3.4 Spectral tilt
The results suggested a steeper spectral tilt for the female subjects than 
for the male subjects. The spectral tilt is dependent upon the amount of 
energy present in lower frequencies relative to that present in higher 
frequencies. The girls’ data showed a greater amplitude difference 
between Pj and ? 2  than the boys’ data, across conditions. In contrast, 
Mendoza, Valencia, et al (1996) in their study of the differences in voice 
quality between men and women found a steeper spectral tilt in their 
male subjects.
Mendoza, Valencia et al used an analysis procedure first suggested 
by Lofqvist and Mandersson (1987) which compared the amount of 
energy below 1 kHz with the energy in the 1 to 5 kHz range. This 
method of analysing the spectrum contour was based on the observation 
that an increase in amplitude of F3  corresponds to an increase in voice 
hyperfunction. Klatt and Klatt (1990) later produced findings from
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perception of synthesised speech which suggested there is greater 
aspiration in women’s voices, evident as noise, in the area of F3 .
However, Byrne et al (1994) in their comparison of speech across several 
countries and languages, found the LTAS of adult males and females to 
be almost identical between the frequencies 250 Hz and 5 kHz.
Mendoza, Valencia et al reported amplitude level sex differences in their 
adult data in ten of the 50 frequency points used in the LTAS analysis. 
These differences were at 0.8, 0.96, 2.88, 3.04, 4.16, 4.32,4.48, 4.64,
4.80 and 4.96 kHz.
A one-way ANOVA was performed as a fine analysis of the present 
data, to see if the results matched those of Mendoza, Valencia Of 
the 24 frequency bands comprising the present LTAS analysis, only four 
yielded statistically significant (p < 0.05) results in the comparison of 
male and female data, and these significances occurred in the soft 
condition only. The frequency bands were 750 Hz, 1 kHz, 1.25 kHz, and
1.5 kHz.
Mendoza, Valencia et al (1996) also found significant amplitude 
differences between male and female adult subjects in a text-reading 
exercise. Their results showed (a) that there was a statistically significant 
difference between sexes in the energy distribution, and (b) that females 
had dB values in the area of the third formant which were significantly 
higher than those of males. In a discriminant analysis of the data, energy 
was found to be significantly higher in females within seven of the 50 
frequency points in the spectral analysis, and included frequencies 
corresponding to the area often associated with the third formant.
Lofqvist and Mandersson (1987) had successfully used the ratio 0-1/1-5 
kHz as a means of testing voice quality. Mendoza, Valencia et al adapted 
this model to fit their data (which showed the spectral energy to be 
greater in females at 1. 6  kHz and above). Spectral tilt measures using 
this ratio yielded highly significant differences between their males and 
females.
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As mentioned above, it appeared from the present data that sex 
differences might exist in the area of 3-3.5 kHz, but that it was the male 
subjects who showed greater relative energy in the higher frequencies.
As the samples had been edited to remove all unvoiced portions of the 
song, any increase of energy in the area of the third formant must result 
from aspiration during phonation only. It also was apparent that there 
was a male-female difference in the spectrum between 1 and 2 kHz. The 
significance of a 0-1/1-5 kHz ratio, or a 0-1.6/1.6-5 kHz ratio, however, 
seemed questionable, and it was not clear from the data how spectral tilt 
measures should best be attempted. To conduct a more coarse analysis of 
these data to establish if the spectral tilts differed between sex groups, a 
number of ratios were calculated, using different frequency bands as the 
dividing frequency. All measures used a minimum of 0 Hz and a 
maximum of 5 kHz. The dividing frequency bands chosen for the ratios 
were 1, 1.25, 1.5, 1.75, 2, 2.25, 2.5, 2.75 and 3 kH z\ In addition, 
spectral energy in the region 0-1 kHz was compared to the 1-2 kHz and 
3-4 kHz regions, and 0-3 kHz was compared to 3-5 kHz. All ratios were 
analysed using a single-factor ANOVA, and ratio calculations were 
repeated to include all three conditions in the analysis.
The results showed that, although spectral tilt became steeper with 
decreasing loudness of phonation, there were no statistical differences 
between girls and boys in any of the three conditions. The group mean 
ratios are displayed in Table 5.3.
5.4 Discussion
5.4.1 Mean intensity level
In the present study, the female subjects produced slightly louder sounds 
overall in the soft and mid condition than the male subjects. The 
opposite was true in the loud condition.
Ratios were calculated as per the following example: ratio o f 0-1 to 1-5 kHz compared 
energy in the four frequency bands 250, 500, 750 and 1000 Hz with energy in all frequency bands 
from and including 1.25 kHz to 5 kHz.
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Stathopoulos and Sapienza’s study of children’s spoken 
vocalisations (1993b) produced intensity levels which followed a similar 
pattern to these findings. Using three loudness conditions also, 10 eight- 
year-old boys used greater intensities than the same number of eight- 
year-old girls under the loud condition only. Under the comfortable 
loudness condition and the soft condition, the girls had slightly higher 
intensities than the boys. It was not possible to compare absolute values 
for the soft and loud conditions between the two studies as the 
Stathopoulos and Sapienza subjects were asked to produce loudness 
levels which were relative (± 5 dB) to the comfortable intensity 
measurement. At the comfortable level, however, the eight-year-olds 
displayed lower intensities (81.1 dB for girls, 80.8 dB for boys) than the 
10-year-olds in the present study (88.1 dB and 86.9 dB, respectively).
Glaze et al (1990) found intensity levels in three loudness 
conditions (soft, medium, loud) to elicit, for the vowel /a/, a mean of 64 
dB, 70 dB and 8 6  dB, and for the vowel /i/, 6 6  dB, 73 dB and 83 dB, 
respectively, in 97 children aged between five and 11 years. This finding 
indicates the variation between vowels, and supports the use of LTAS 
analysis for these kinds of investigations.
The present downward shift in the fi*equency of Pj as loudness 
decreased was probably the result of a change in the amplitude level of Fg 
relative to Fj. As overall vocal intensity decreases, the amplitude of the 
voice source fundamental increases in relation to Fj (Fant, 1959; Gauffin 
and Sundberg, 1980; Gramming and Sundberg, 1988). Also, the fact that 
the subjects placed their mid production closer to loud than to soft 
compares well with Temstrom’s LTAS data on a boys’ choir (1993).
5.4.2 Dynamic range and gain
It is interesting that, for dynamic range measurements in the present 
study, the greatest difference in dB between soft and loud for boys 
occurred within the 1.75 kHz frequency band, whereas for girls the 
greatest level difference was at 3.5 kHz. This sex difference can be seen
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also in the GF data.
The wider standard deviations seen in the DRg of the boys’ group 
may be due to the relative inexperience of the boys compared to the girls 
who also gave more uniform responses. The standard errors produced in 
calculating the regression statistics were relatively high, particularly for 
the boys’ group, probably as a factor of the variability between individual 
voices, and the closeness in amplitude between mid and loud productions 
made by some subjects. The relatively large standard deviations for the 
male subjects (see Figure 5.5 (c)), particularly in the higher frequencies, 
probably reflects the greater variation in performance of the song in each 
condition between the male subjects.
Temstrom’s data (1993) for three choirs (adult, youth and boys) did 
not show an obvious peak in gain at or around 1.75 kHz for any of the 
choirs, but demonstrated peaks in GF at around 3 kHz and 4.5 kHz. The 
peak in the present boys’ data at 3.25 kHz (1.6 GF) compared favourably 
with Temstrom’s results for the boys’ choir (approximately 3 kHz and
1. 6  GF). The present data for the girl singers showed frequency locations 
and GF values which, interestingly, appeared similar to those of 
Temstrom’s youth choir {ie GF in 3 kHz region « 2.0).
The present results show that a shift in loudness will affect 
significantly the spectral characteristics of children’s voices. This has 
implications for spectral analysis of children’s vocalisations.
5.4.3 Spectral tilt
Spectral tilt was measured as being the ratio between lower and higher 
frequencies but no significant sex differences were found in any loudness 
condition although there appeared to be differences between boys and 
girls. Although not significant, the results suggest that these areas of the 
spectmm contributed to the differences in voice characteristics between 
these girls and boys but that further investigation would be necessary 
before conclusions could be drawn as to the anatomical or physiological 
causes of these differences.
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It appears, however, that traditional spectrum energy ratio 
calculations were too coarse a method of analysis to fully describe the 
observations made.
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Chapter Six
6. Experiment 2: Effects of pitch and loudness
variation on the voice source characteristics 
of 11-year-old children
6.1 Introduction
Variations in the intensity of phonation are achieved primarily by 
increasing or reducing subglottal pressure (Fant, 1982; Gauffin and 
Sundberg, 1989). Subglottal pressure variation is therefore important to 
phonation. An estimate can be obtained by placing a thin plastic tube in 
the oral cavity which measures intra-oral pressure during phonation and 
which provides an estimation of subglottal pressure (a detailed 
description is given in Rothenberg, 1973). In short, once the vocal folds 
abduct fully (immediately before release of a plosive), intra-oral pressure 
equals subglottal pressure. A high correlation (r = 0.98) has been found 
between subglottal pressure (using tracheal puncture) and intra-oral 
pressure (Hertegârd, Gauffin and Lindestad, 1995). Thus, the subglottal 
pressure used to initiate voicing can be estimated from the oral pressure 
during /pZ-occlusion in a consonant-vowel (CV) syllable sequence.
Flow glottography provides a means of measuring airflow through 
the glottis from the lungs by use of a pneumotacograph mask placed over 
the mouth and nose (Rothenberg, 1973). The technique of recording 
glottal flow waveforms has the benefit of being non-invasive, in the sense 
that it requires relatively little change in behaviour by the subject. In a 
recent overview of the method, Fritzell (1992) described the emergence 
of inverse filtering nearly 40 years ago (Miller, 1959), and its 
applications since that time. One of the most notable aspects of vocal
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fold motion reflected in the glottal flow waveform, Fritzell remarks, is 
the presence or absence of glottal closure during the vibratory cycle. 
Fritzell, Hammarberg, Gauffin, Karlsson and Sundberg (1986) showed 
that incomplete closure of the glottis during phonation produced a 
breathy quality to the voice. In studies of normal voice production, 
Holmberg, Hillman and Perkell (1988) reported incomplete glottal 
closure in many adult subjects, whilst Hertegârd, Gauffin and Karlsson 
(1992) found this to be true only in their female subjects. In children, 
laryngoscopic examination revealed incomplete glottal closure in 23% 
(25% of boys and 21% of girls) of 10-year-old subjects (McAllister et al, 
1994). Interestingly, the majority (64%) of the subjects with insufficient 
closure were judged to be perceptually-firee of breathy voice quality. 
However, McAllister et al speculate that the presence of slight 
breathiness might be considered a normal characteristic in children’s 
voices and therefore not be perceived as a salient voice trait by listeners.
Whilst some studies have sought to provide evidence of the effects 
of voice disorders on the glottal flow waveform (Koike and Markel,
1975; Hillman, Holmberg, Perkell, Walsh and Vaughan, 1989), many 
investigations continue to focus on providing normative data on adult 
vowels (Rothenberg, 1973; Monsen and Engebretson, 1977; Sundberg 
and Gauffin, 1978; Holmberg, Hillman and Perkell, 1988; 1989; Gauffin 
and Sundberg, 1989; Higgins and Saxman, 1993; Stathopoulos and 
Sapienza, 1993a; Hertegârd et al, 1992), and the effect of pre- and post­
vocalic consonants on vowels (Nf Chasaide and Gobi, 1987; 1993; Gobi, 
Nf Chasaide and Monahan, 1995). One reason for this concentration on 
normal voice use has been the number of reports which highlight the 
large variations among individual speakers. As such, resulting data need 
to be interpreted with some caution, particularly if only a relatively small 
number of subjects was studied.
Despite this possible drawback, inverse filtering has been effective 
in demonstrating the strong relationship between peak flow amplitude 
and the amplitude of the spectrum fundamental, and the type of
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phonation (Sundberg and Gauffin, 1979), and the dependence of first and 
second partial level difference (H1-H2 ) on closed quotient (Holmberg, 
Hillman, Perkell, Guiod and Goldman, 1995; Stevens and Hanson, 1995).
Physiological correlates associated with sound qualities have been 
the subject of a number of investigations using flow glottograms 
(Monsen and Engebretson, 1977; Fant, Liljencrants and Lin, 1985; 
Gauffin and Sundberg, 1989). Such findings are of use in relating certain 
physical events to acoustic phenomena. For example, in 1982, Bickley 
described first and second harmonic level differences in neutral voice 
compared to breathy voice productions. She found H  ^was less than H2  
in all neutral productions, but that Hj was nearly always greater than H2  
in breathy phonation. Others have also found a high amplitude first 
harmonic to be associated with vowels produced with breathy phonation 
(Gauffin and Sundberg, 1979, Ni Chasaide and Gobi, 1987; Klatt and 
Klatt, 1990, Hillenbrand, Cleveland and Erikson, 1994).
A major study of airflow and subglottal pressure measurements in 
the speech productions of 45 normally-speaking adults (Holmberg, 
Hillman and Perkell, 1988 and 1989) produced a substantive number and 
variety of voice source measurements. The authors reported mean values 
of peak-to-peak (AC) airflow, subglottal pressure, sound pressure level 
(SPL), closed quotient, and minimum (DC) flow, as well as a number of 
related measures, for both male and female subjects, resulting fi*om 
productions of the syllable /pæ/ at varying pitch and loudness levels. 
These investigations have provided essential normative information of 
the vibration of the vocal folds, and the effects of varying pitch and 
loudness of phonation, during normal speech production in adults. The 
results also showed wide variability amongst subjects, and the authors 
were keen to stress the importance of studying large subject groups. The 
authors concluded, however, that factors influencing intensity had a 
greater effect on glottal airflow measurements compared to factors which 
determine pitch. Subglottal pressure was thought to have had a different 
function at low versus high pitch for girls but not boys, and it was
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suggested that different loudness levels may have produced different 
types of voice use. Loud voice produced the greatest male-female 
differences in measurements, with females having a lower AC flow and a 
proportionately shorter closed phase.
Another important and interesting application of flow glottogram 
measurements has been its use in studies of singing voices. The use of 
the vocal mechanisms and the control of breathing during singing, 
particularly at a professional level, differ substantially from speech and 
are crucial to the development of good vocal practice. In a series of 
investigations comparing experienced singers with non-singers, Sundberg 
and Gauffin (1978) and Gauffin and Sundberg (1980; 1989) found flow 
glottograms revealed a major voice source difference between the singer 
and the non-singer subjects. Typically, the non-singers used a more 
pressed phonation as loudness increased, while the singers made less 
variation in phonation type. Speech and singing, and different singing 
styles have been compared (Leanderson, Sundberg and von Euler, 1987; 
Sundberg, Gramming and Lovetri, 1993; Âkerlund and Gramming, 1994) 
and have shown significant differences in flow and subglottal pressure 
data, and in SPL, between voice types and individuals.
Some studies have been conducted where children have been the 
subject of investigation. Much of this work has been carried out by 
Stathopoulos and co-workers in the United States of America. 
Stathopoulos and Weismer (1985) reported significantly greater peak 
glottal airflow in adults compared to children, and significantly lower 
subglottal pressures than children. Stathopoulos and Sapienza (1997) 
reported glottal airflow waveform measures in 1 0 0  children aged between 
4 and 12 years, and 20 adolescents aged 14 years. This work drew on, 
and added to, earlier investigations (Stathopoulos and Sapienza, 1993a; 
1993b) by comparing results of a larger group of children to those of 
adult voices and adolescents. Adults and children alike showed 
subglottal pressure and AC flow increased as a function of increased 
loudness. Subglottal pressure values were similar to previous findings
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from voice range profiles (VRP) of children (McAllister and Sundberg, 
1996). Stathopoulos and Sapienza (1997) found no difference between 
boys and girls under 14 years for AC flow, however. Unlike adults, open 
quotient did not change significantly with loudness in children, but the 
children’s and women’s open quotient values were often significantly 
greater than the adult males and 14-year-old boys. They concluded from 
their data that, in general, the men and 14-year-old boys function 
differently than the women and all other groups of children.
Sapienza and Stathopoulos (1994) found no sex differences in 
children in maximum flow declination rate (MFDR), a measure which 
determines the overall intensity of the sound produced by calculating the 
fastest rate of change in glottal airflow. As expected, the authors found a 
positive correlation in MFDR with increases in vocal intensity (Fant,
Lilj encrants and Lin, 1985), although SPL was greater in the children by 
7% compared to adult males, whereas MFDR was lower by 25% 
(percentages related to mean across all loudness levels). With increased 
loudness, the differences between two age-groups (child and adult) 
reduced for MFDR, and increased for SPL. These findings corresponded 
well to those of adult studies (Perkell, Hillman and Holmberg, 1994). 
Three years later, the Stathopoulos and Sapienza (1997) work also 
reported results for a wider age-range of children, but the MFDR findings 
were not significant for age differences. The authors considered this 
finding to result, however, from the statistical model used and the larger 
degrees of freedom for the between-subject factor of age.
A comparison of boys’ and girls’ vocal fold contact behaviour was 
carried out using electroglottography (EGG) with 26 subjects aged 
between 4 and 6  years (Robb and Simmons, 1990). The validity and 
reliability of EGG and flow glottograms have been defended by various 
research teams as being a good approximation of the closed phase of 
vocal fold vibration. Comparisons of EGG and flow glottogram data are 
often limited, however, due to the automatic procedures adopted by some 
researchers to estimate closed and open portions of the cycle. To date.
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there is no standard procedure for automatic estimation, which calculates 
a preset AC amplitude percentage criterion to determine open and closed 
phases.
But still, some parameters are comparable between aerodynamic 
and electroglottographic data. For example, closed quotient 
measurements using both methods were found to have a strong 
relationship (r > 0.85) in a study of female voices where both EGG and 
glottal waveforms were of high quality (Holmberg et al, 1995).
EGG has also been used successfully in studies of adult 
professional singers where patterns of vocal behaviour have been found 
to differ between trained and untrained subjects (Howard, Lindsey and 
Allen, 1991; Howard, 1995). Robb and Simmons (1990) calculated 
contact quotient (equivalent to closed quotient) in children’s speech. 
Using a 50% amplitude of the EGG AC flow criterion to determine open 
and closed phases of the waveform cycle, the authors determined that 
contact quotient values greater than 0.5 represented a higher proportion 
of vocal fold abduction than adduction. They found that, at a 
comfortable loudness level, all male and female subjects had quotient 
values greater than 0.5 for the vowels /i/, /a/ and /u/. The male subjects 
showed a greater amount of glottal opening time per cycle for each vowel 
compared to the females, and this was highly significant for /a/. The 
authors concluded, however, that due to variability in SPL between 
subjects, particularly within the male groups, the apparent sex 
significance could have been an artefact of intra-group variability.
Children’s vocal fold morphology differs from that of adults. The 
lamina propria is not fully differentiated into the three layers associated 
with a mature vocal fold structure, the mucosal covering is looser than 
found in adults, and the vocalis muscle is not fully developed until age 27 
(Hirano et al, 1983). Also, the vocal folds are shorter in children than in 
adults, with differences between boys and girls occurring reportedly 
between the ages of six and ten years (Kazarian et al, 1978). Kahane 
(1975), on the other hand, found little difference in prepubertal male and
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female laryngeal size. It is clear that flow glottograms and subglottal 
pressure measurements derived from children’s phonations are likely to 
differ greatly from adult results.
The current investigation has sought, therefore, to establish some 
aerodynamic correlates of the vocal fold vibrations of children’s voices at 
different pitches, and at varying intensity levels. The five main aims of 
this investigation were:
(a) to obtain data on normal voice source characteristics of 
preadolescent children;
(b) to consider the relevance of applying these measurement methods 
to children’s voices.
(c) to compare results with data from adult studies, and with data 
available from studies of children;
(d) to identify any systematic male-female differences in voice use in 
these child subjects, and to compare these with existing information on 
adult sex differences; and
(e) to evaluate the significance of the findings in light of the current 
understanding of children’s voice production.
6.2 Method and materials
Twenty-nine children forming one class of the Adolf Fredrik Music 
School in Stockholm were selected by the school’s choral director to 
participate in the study. The only selection criteria given were that the 
children should be around 10 years of age and be good singers. The 
school has a longstanding reputation for the musical development and 
ability of its students, and is particularly renowned for the standard of its 
young choirs. Thus it was expected that the subjects would fulfill all 
selection criteria as outlined in Chapter 4 above. The subject group 
consisted of 19 girls and 10 boys (the imbalance of girls and boys was 
due to the chance associated with the selection of a class of children), all 
of whom were actually aged 11 years at the time of recording. All were 
experienced in singing. Two recording sessions were held on
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consecutive afternoons in November 1996.
The recording environment was a music hall within the main 
school building the floorspace of which was approximately 1 0 0 0  m .^ 
Subjects attended in small groups but each subject was recorded 
individually performing speaking and singing tasks \  The singing task 
required each subject to repeat the syllable [pa:] three times on each of 
three pitches, A3  (220 Hz), C4  (262 Hz) and E4  (330 Hz)^. The subjects 
were asked to produce these syllables using a neutral or mid loudness 
level, and at a rate of approximately one syllable per second. Each 
subject was asked next to repeat the singing task, at the same three 
pitches, using a soft phonation, and then again using a loud phonation. 
Subjects were free to choose their own levels of loudness for each 
condition, but pitch was cued by use of a piano keyboard. Also, the 
subjects were asked to repeat the above phonations but at pitches one 
octave higher than before, ie A4  (440 Hz), C5  (525 Hz) and E5  (660 Hz)^.
Initially, and where necessary thereafter, the vowels were prompted 
with verbal cues and all test instructions were given in Swedish. All 
subjects completed the tasks satisfactorily.
6.2.1 Recording process and calibration
Three channels of a TEAC multi-channel PCM digital recorder (RD 200 
PCM) were used to collect the signals necessary for glottal airflow and 
subglottal pressure measurement of phonation, namely oral flow and 
intra-oral pressure (Rothenberg, 1973), as well as the speech pressure 
waveform. Oral airflow and pressure measurements were calibrated 
using the procedures described in detail below. Three calibration 
sessions were held, all conducted in the laboratory. These sessions
' These children were the subjects for two investigations, a voice source study reported
here, and a formant frequency analysis which is described in Experiment 3.
 ^ C4  is commonly known as ‘middle C’. A 3 is three semi-tones below C4 , and E4  is four
semi-tones above C4  (the numbers depict the octave, ie C5 is one octave higher than C4 , whereas 
C3 is one octave lower than C4 ).
 ^ The whole testing procedure was repeated using the syllable [pæ:], and these data will
be used at a later date to compare results between vowels for these subjects.
85
occurred before subject testing began, at the beginning of the second day 
of recording, and when all testing was complete at the end of the second 
day. All calibration and experimental measurements were recorded on 
digital tape in volts. Later analysis in the laboratory provided a 
calibration formula to convert volts to 1/sec for flow, and cm HjO for 
intra-oral pressure" .^
6 .2 .1 . 1  Audio signal
The audio signal was captured by means of a Sony ECM-959DT high- 
fidelity digital microphone, located at a constant distance of 25 cm firom 
the subject’s mouth, and attached to one channel of the PCM digital 
recorder. The audio information was used to assist in calibration of the 
flow and pressure data, and to locate individual subject data, during 
analysis in the laboratory.
6.2.1 .2 Intra-oral pressure signal
In order to obtain an estimate of the level of subglottal pressure required 
to initiate and sustain phonation, a measure of the intra-oral pressure was 
taken immediately before release of the bilabial plosive /p/ in the syllable 
production.
Measurement of intra-oral pressure was achieved by use of a thin 
plastic tube fitted inside a pneumotacograph mask (Rothenberg, 1973) 
with one end positioned inside the oral cavity, just posterior to the lips 
and teeth. The design and use of this mask should not restrict the ability 
of the subject to phonate in a normal manner. This method enabled 
subglottal pressure to be estimated from the pressure transducer output 
which was captured onto a third channel of the digital recorder. 
Calibration of the pressure data was achieved by use of a manometer, 
fitted with a mouthpiece. By blowing into the mouthpiece, a colunm of 
water is displaced by the pressure and this displacement is measured in 
cm H2 O.
The unit cm HjO has been used traditionally for oral pressure measurements and the 
same unit is therefore used here for ease o f comparison with previous data.
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6.2.1.3 Oral flow signal
Oral flow data were captured using the pneumotachograph mask. The 
mask is circumferentially-vented with a fine wire mesh which provides 
low resistance to airflow thus avoiding disturbance of the pressures and 
airflows during speech (Rothenberg, 1973). Airflow pressure changes to 
the wire mesh during production of [pa:] were measured by means of a 
pressure transducer (a condenser microphone) fitted within the mask. 
Flow data were transferred to the computer-based SWELL signal editing 
and analysis software (Temstrom, 1991).
Flow calibration was achieved by use of a flow meter providing 
values in litres per second (1/sec). A high-pressure tank was used to pass 
air through the flow meter and through the mask which was fitted tightly 
to a plaster cast. Varying quantities of air were released through the 
mask and the corresponding 1/sec values were recorded on paper and also 
verbally on the audio channel of the digital tape.
A tight fit between mask and face was essential to prevent leakage, 
thereby providing an accurate estimate of flow. For this reason, an adult- 
size mask and a child-size mask were taken into the recording session, 
but the smaller mask was found to be most suitable for all subjects. The 
subjects were instmcted to apply some pressure to the mask when 
holding it against his or her face. Care was taken at all times, however, 
to ensure leakage from the mask did not occur, and flow measurement 
values were checked for evidence of leakage and by monitoring output 
from an attached oscilloscope.
6.2.2 Measurement and analysis
Each subject’s productions of [pa:] were analysed systematically as 
described below. Inverse filtering of the higher-pitched productions (ie 
440 Hz, 525 Hz and 660 Hz) proved difficult, however, due to the close 
proximity of the first formant and the first partial. After several attempts 
with various subject data, the analysis of the data resulting from these
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three pitches was abandoned, as it was impossible to determine safely Fj 
and p 2  from the inverse filtered waveform.
6.2.2.1 Audio signal
The audio signal was not used for analysis in this investigation.
However, as mentioned above, it was used to assist in locating the 
required flow and pressure recordings on the digital tape via playback 
through an amplifier/loudspeaker.
6.2.22 Subglottal pressure
Pressure data were transferred simultaneously with flow data to a 
computer and stored in twenty-nine two-channel files using the SWELL 
signal analysis software (Temstrom, 1991). Figure 6.1 shows an 
example data file for one child subject with time on the x-axis. The 
sequence is of nine productions of the syllable [pa:] at mid loudness, 
with three syllables each at low, then mid, then high pitch. The sequence 
is repeated using soft voice, and finally using loud voice.
(a)
(b)
3
OS.
WJ
A S .
Û .
juOUD
1.5
r
-AC  .  
-1 . 
•1.5 .
jJlili jii JUUL.____ 1______________ _uuuIjjLuLL
M 3/ 1!
Figure 6.1 Data file for one subject showing (a) pressure data (volts) and 
(b) flow data (volts) for repetitions o f [pa:] across all three conditions, 
mid, soft and loud.
The pressure data (Figure 6.1 (a)) is presented in the form of a 
horizontal line (representing zero volts) interrupted at intervals (n = 27) 
by a sudden-onset/offset positive peak. Figure 6.1 (b) shows the oral 
flow data for each of the 27 syllables (see below).
These peaks indicate the increase in intra-oral pressure which
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occurs during /p/-occlusion prior to release. Zero pressure indicates a 
closed glottis. Figure 6.2 shows a schematic representation of one 
pressure peak. The increase in subglottal pressure forces the vocal folds 
apart (point A), and intra-oral pressure increases as supra- and subglottal 
pressure are normalised (point B). Upon release of the /p/-stop (point C), 
intra-oral pressure is released becoming equal to external air pressures, 
and the value returns once more to zero (point D).
As can be seen in Figure 6 .1 (a), the data consisted of 27 pressure 
peaks per subject (3 syllable repetitions * 3 pitches * 3 loudness 
conditions). For the purposes of this analysis, a measure was required of 
the pressure at each of the three pitches. The second of the three syllable 
productions per pitch was chosen for analysis throughout this experiment.
Nine peak pressures were thus measured per subject and recorded 
on a spreadsheet software program, thus providing a total of 261 data 
points (9 peak values * 29 subjects). All results for pressure 
measurements are reported in cm H2 O as determined by calibration in the 
analysis procedure.
B
I y
pressure
0
time
Figure 6.2 Schematic representation of pressure waveform, showing points o f  
(A) vocal fold abduction, (B) maximum intra-oral pressure, (C) release o f  
plosive and (D) return to zero pressure.
6.2.2.3 Glottal airflow
The oral airflow data were subjected to manual inverse filtering to 
remove the effects of vocal tract resonances on the flow glottogram. This
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was achieved by adjusting the Fj and F2  frequency and bandwidth filter 
responses such that the closed portion of the waveform was flat and 
ripple-free (Rothenberg, 1973). The procedure (which was performed by 
Johan Sundberg who is highly skilled and experienced in inverse 
filtering) was conducted on acquisition of the signals to SWELL (Figure 
6.3).
OSCILLO­
SCOPE
FILTERDAT PC
(SWELL)
Figure 6.3 Inverse filtering procedure showing acquisition o f digital 
signal to SWELL via the filter (the effect o f which is monitored by use o f
an oscilloscope).
The inverse-filtered waveform provided a measure of glottal airflow 
during each phonation. The effect of the frequency and bandwidth 
settings used during inverse filtering were carefully monitored during the 
filtering procedure via an oscilloscope screen. The filtered data were 
transferred to, and stored for later analysis on computer using the 
SWELL digital signal processing software (Temstrom, 1991).
Figure 6.1 (b) shows an example of the inverse filtered oral airflow. 
When the glottis is closed, before release of the plosive, the glottal flow 
value is zero. Immediately after release of the /p/-stop, flow output 
begins and continues throughout voicing of the vowel /a/. Negative flow 
{ie where the waveform value is less than zero), seen in the figure 
immediately before the first productions of [pa:] in soft and in loud 
voice, indicates air inhalations by the subject.
Figure 6.4 shows a section of the flow glottogram (and related 
subglottal pressure peak) where zero flow rises to maximum flow during 
vowel production in one subject. The figure is marked to show: (A) zero 
flow; (B) onset of voicing; (C) maximum flow; (D) minimum flow.
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€BSJ-
wflWTJi
Figure 6.4 Part o f inverse filtered flow glottogram and pressure waveform from 
Figure 6.1 (second [pa:] in loud condition), A is the point o f zero flow, point B 
indicates voicing onset, and the peaks marked C and D represent the maximum and 
minimum of AC flow amplitude during voicing.
Figure 6.5 shows a few cycles of vocal fold vibration during vowel 
production.
period (To)
an
Figure 6.5 Four cycles o f vocal fold vibration as measured by flow glottogram. A = 
beginning o f open phase, B = maximum amplitude o f cycle, C = beginning o f  closed 
phase, D = end o f closed phase. Point D also represents the beginning o f open phase o f  
the next vibratory cycle and, thus, the distance (in sec) between points A and D 
represents one period o f vibration (Tq).
Measurement points shown are: (A) beginning of open phase; (B) 
maximum amplitude of cycle; (C) beginning of closed phase; (D) end of 
closed phase. Points A to D represent one cycle, or period (To) of 
vibration. Time (sec) measurement points were recorded for points A, B, 
C and D, and amplitude (volts) was noted for point B. To obtain a value 
for minimum flow, a histogram measurement using SWELL software
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was taken during the closed phase which provided a mean amplitude 
between points C and D.
One cycle of vocal fold vibration was studied for each pitch across 
all three conditions for each subject. Further analysis using SWELL 
software included a spectral analysis of several cycles of the inverse 
filtered waveform. Amplitudes (in dB) of the first and second harmonics 
of the source waveform were recorded and stored in the spreadsheet file.
6.2.3 Calculations
All calibration and averaging calculations were carried out using 
computer-based spreadsheet software (Microsoft Excel). All volts were 
converted to either 1/sec or cm H2 O as required. The calculations made 
are shown in Table 6.1. Apart from zero flow, all measures given refer to 
the second production of [pa:] for each of the three pitches across three 
loudness conditions, making a total of nine of each of these measures 
taken for each subject. For zero flow, a mean was calculated of the eight 
inter-syllable flow values per subject.
measure unit calculation
subglottal pressure cm H2O amplitude of pressure peak
zero flow I/sec mean of flow amplitude values during /p/-occlusion
maximum flow I/sec peak amplitude of flow during one cycle of vocal fold vibration
minimum flow (do) I/sec mean amplitude of closed phase of cycle
AC flow amplitude I/sec amplitude of modulating airflow; ie max minus min airflow
fundamental period se c duration of one cycle of vocal fold vibration
closed phase se c duration of vocal fold closure within one cycle
closed quotient quotient closed phase divided by fundamental period
H1-H2 dB difference in amplitudes of first and second harmonic peaks
Table 6.1 Measurements (and units o f measure) taken for each subject for each pitch
and loudness condition.
All minimum flow (Amin) data were checked for negative values. 
Minimum amplitude should be greater than, or equal to zero flow. A 
negative flow indicates an incomplete seal between mask and face during 
recording and, clearly, this can affect subsequent calculations. On 
inspection, the data for one subject (a female) showed evidence of 
negative values and the subject’s data were therefore rejected from the 
experiment leaving a total of 28 subjects. The minimum flow values for 
all other subjects were within normal limits.
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6.2.4 Variables
The independent variables in this experiment were sex, pitch (220 Hz, 
262 Hz and 330 Hz) henceforth referred to as pi, p2  and p^, and loudness 
level (soft, mid and loud).
There were five dependent variables: subglottal pressure (PJ; AC 
flow amplitude (A^c); H 1-H2 ; closed quotient (Qd); and minimum flow 
amplitude (A^in) (see Table 6.1 for calculations).
Means for all five dependent variables were calculated within each 
pitch and loudness condition for all subjects. This produced a total of 
1260 data points (5 dependent variables * 3 loudness levels * 3 pitches * 
28 subjects), yielding 45 data points per subject. Means for each 
dependent variable were also calculated at each pitch and for each 
loudness condition to produce group data for males (n = 1 0 ) and for 
females (n = 18).
6.3 Results
Values for each of the five measurement parameters were averaged 
across the whole group, and for the subgroups (sex, loudness condition 
and pitch). The effect on each of the five dependent variables was 
analysed using analysis of variance. Each ANOVA had a 3*3*2 design, 
with loudness and pitch as within-subjects factors and sex as a between- 
subjects factor. The results are discussed below.
6.3.1 Reliability of results
The reliability of the data was checked by comparing second-syllable
measurement data to those of either the first or third syllable. For this, 
values for subglottal pressure, H 1-H2 , AC flow, Q^, and minimum flow 
were obtained for one pitch at one loudness level for each of twenty 
randomly-selected subjects. The conditions were also selected at 
random. Thus, measurements from either the first- or third-syllable 
production were compared within subjects to the second-syllable 
measurement of their data using correlation coefficient analysis.
Table 6.2 shows the correlation coefficients for each measurement 
parameter, both across sex, loudness and pitch, and also between these 
conditions. When all subject data were combined, the correlations for
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both AC and minimum flow were greater than r = 0.9. Correlations for 
pressure and H 1-H2  were also high at r  > 0.84. Closed quotient, however, 
showed a poor relationship (r = 0.28) between syllable productions, but 
this was the result of a large number of zero values present in the
data, and a variation in the number of measurable closed phases between 
syllable productions. The female and male data were rather similar 
across parameters but, within loudness and pitch conditions, there were 
some clear differences between the measurements from different 
syllables. For instance, the closed quotient results showed that, in soft 
and mid voice use, the correlations were indeed low (r < 0.40) but, when 
using loud voice, the correlation was high (r = 0 .8 6 ) for these subjects. 
This finding reflects the clearer distinction in the waveform between 
closed and open portions of the cycle during loud voice production. 
Pressure data were poorly correlated in soft voice (r < 0.30), but highly 
correlated in mid and loud voice (r > 0.90). Thus, the subjects seemed to 
typically vary their subglottal pressure, from syllable to syllable, more in 
soft than in loud voice. Another interesting finding was the effect of 
syllable position on subglottal pressure. There was a high correlation (r 
= 0.97) between syllables 1 and 2, but a low correlation (r = 0.40) 
between syllables 2 and 3. A possible cause for this may have been the 
rhythmic nature of the task. For example, subglottal pressure in adult 
singers has been found to be affected by bar-pattems, where either initial 
or final beats within a bar produced increased subglottal pressure 
(Sundberg, Elliot and Gramming, 1991).
Correlations test for the trend in the results of two measurements, 
in this case different syllable productions. Poor correlations suggest 
greater within-subject variation in measurement, but strong relationships 
could be misleading as differences in test results between syllables can 
exist and yet be similar for all subjects. This is a standard test used for 
assessing trends in the data. However, Pearson’s correlation is a 
parametric test and thus results obtained from small numbers of subject 
values should be treated with caution.
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As a consequence, Wilcoxon signed rank testing for matched-pair 
values was applied to the data for syllable 2  compared to results taken 
from the other two syllables. Group results, and the same subgroup data 
as above, were analysed using this method. This is a useful non- 
parametric tool designed to show if a particular variable had the same 
effect {ie an increase or a decrease in values), on all members of a group. 
The method of analysis is distribution-free which allows for the 
possibility that group data may not be clustered symmetrically around the 
mean. With smaller samples, such a bias in the data becomes more 
likely.
Results (Table 6.3) showed that, overall, syllable position did not 
significantly affect production. Exceptions to this were that subglottal 
pressure and H 1-H2  were different between syllables but only in mid 
loudness, and subglottal pressure differed between syllables at mid 
pitch^. No differences were found within male and female groups, nor in 
first- or third-syllable production when each was compared separately to 
syllable 2 .
The combined results of the tests indicate that correlations were 
generally good for these subjects between measurements taken from 
different syllables. Also, in matched-pair analysis, syllable position did 
not significantly affect the mean group results overall. Therefore, a low 
correlation indicated that some subjects showed increased values and 
others decreased values {ie for subglottal pressure in soft voice). The 
differences in Pg appear to have occurred mainly in syllable 3. The 
Wilcoxon analysis showed syllable position affected subglottal pressure 
values at mid loudness and at mid pitch, and H 1-H2  at mid loudness for 
the whole group. The high correlations for these measures emphasise the 
same systematic effect within subjects.
The sample for p, was too small (n = 5) to test using this statistical method.
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6.3.2 Effects of pitch and loudness variation
The results of averaging data for all subjects, and for male and female 
groups separately, are shown in Tables 6.4, 6 .5 , 6 . 6  and 6 .7 , and are 
discussed below.
6.3.2 . 1  Subglottal pressure
The increase in Pg with increased loudness was found to be significant 
(F(2,52) = 57.36, p < 0.001), reflecting the high correlation between 
subglottal pressure and intensity. Across pitch, subjects used greater 
subglottal pressure (Pg) levels during the loud production of [pa:] (mean 
of all subjects = 10.97 cm H2 O) than during soft voice use (mean = 6.13 
cm H2 O). A wide range of Pg values was seen across the sample, the 
lowest single measure being 3.81 cm H2 O (a male subject) and the 
highest Pg value being 23.34 cm H2 O (a female subject). Extremes of 
pressure values occurred between soft and loud voice at the highest pitch, 
for both subject groups.
Subglottal pressure remained constant across pitches, indicating 
relatively stable inter-subject loudness levels. The fundamental 
frequencies which allowed for inverse filtering were within a relatively 
small range, however. The results of the ANOVA were not significant 
for the effects of pitch or of sex on any of these data.
Subglottal pressure and H 1-H2  showed a strong negative correlation 
overall in the female group (r = -0.69, p = 0.002), and particularly for 
loud voice across pitches (r = -0.80, p < 0.001). No relationship between 
these two measurement parameters was found for the boys’ group. 
However, pressure and flow amplitude were strongly correlated in the 
male group in the soft condition across pitch (r = 0.85, p = 0.002). A 
similar relationship was found in females only in loud voice phonation 
and only at the highest pitch (r = 0.61, p = 0.007). No correlations were 
found between subglottal pressure and closed quotient, or between 
pressure and minimum flow, for either boys’ or girls’ groups.
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Thus, these data show that, in both boys and girls, pressure 
increased significantly with louder phonation but was relatively 
unaffected by pitch variation within the Fq range analysed, or by the sex 
of the subject. Interestingly, although not significant in the statistical test 
(p = 0.105), the male subject group used mean subglottal pressures which 
were consistently higher than the mean pressures used by the females in 
all of the loudness conditions.
6.3.2.2 Harmonic level differences (H 1 -H2 )
The only acoustic measure in this study, H 1 -H2 , reflects the degree of 
smoothing of the glottal waveform, and is indirectly related to the degree 
of glottal adduction (Holmberg et al, 1995; Stevens and Hanson, 1995).
The difference in the levels of Hj and H2  was greatest in the soft 
condition, and least in the loud condition, for all subjects across pitch. 
This decrease in H 1-H2  with increasing loudness was significant (F(2,52) 
= 66.53, p < 0.001). The same effect was seen in both sex groups but, 
although the means across loudness conditions and across pitch were not 
statistically different between groups, the range of H 1-H2  values for the 
boys was greater than for the girls.
H 1-H2  increased significantly as pitch increased for both groups 
(F(2,52) = 34.52, p < 0.001). The difference was found mainly between 
P2  and P3 . H 1-H2  actually decreased between pi and p2  for the boys’ 
group in the soft condition, and the different effects of pitch within each 
loudness condition was also significant (F(4,104) = 4.64, p = 0.002). Sex 
was not a significant factor in any of these findings but the girls’ had 
slightly greater values overall. Comparing pitches and loudness 
conditions, H 1-H2  values were similar (difference < 2 dB) for both girls 
and boys, although the standard deviations were greater in all cases in the 
male group. Standard deviations were slightly lower in the present study 
than in the Holmberg et al (1995) investigation of adult females.
In summary, these results show that both pitch and loudness 
variation had a significant effect on the relative amplitudes of the first
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and second harmonics, and that pitch effects were different between the 
three loudness conditions. H 1-H2  decreased as loudness increased, and 
increased with a rise in pitch. The effects were statistically the same for 
girls and boys, although the girls’ data showed slightly higher values than 
the boys’ data. H 1-H2  was only correlated with closed quotient when 
intra-subject results were examined, and when each pitch was considered 
separately. The majority of subjects showed a negative correlation of 
these two values {r < -0.7) at all pitches, but the relationship was 
consistently stronger in the boys’ data, at least at pi and p2 . Fifty percent 
of boys and 50% of girls showed H 1-H2  and to be correlated to r <
-0.9 for the middle pitch.
6.3.2.3 Flow amplitude (AC flow)
The amplitude of the AC flow reflects to some degree the distance the 
vocal folds were apart during phonation. Female-male differences were 
evident as the boys used far higher flow amplitude (A^c) amplitudes in 
all loudness conditions, and at all pitches, than the girls. In fact, the male 
group produced AC flow amplitudes which were greater than those 
measured from even the loudest productions of the female group, except 
at P3  in soft voice. Also, the boys had AC amplitudes which were as 
much as double those of the girls and flow amplitude values were found 
to be significantly different overall between females and males (F(l,26) =
16.10, p <  0 .0 0 1 ).
Flow amplitude increased significantly for all subjects across 
loudness conditions (F(2,26) = 84.91, p < 0.001), with loud voice 
producing the highest values. The greatest increase, however, was 
between soft and mid loudness. The difference in this effect between the 
boys’ and girls’ groups was also significant (F(2,52) = 4.66, p = 0.014).
Pitch did not have a significant influence on AC flow overall, but 
its effect was significantly different between loudness conditions 
(F(4,104) = 7.84, p < 0.001). A test for sex differences in this respect 
also yielded significant results (F(4,104) = 5.10, p = 0.001). Pitch had
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little or no effect on amplitude levels for females, except that A^c 
reduced substantially at pg in soft voice. In the male subjects, A^c tended 
to decrease with pitch in the soft condition (the effect at pg being similar 
to that seen in the female data), increase with pitch in the mid condition, 
and remain relatively stable in the loud condition.
Thus, loudness had a significant effect on the data, as did the sex of 
the subjects. The effects of pitch variation proved significant for the 
whole group only when compared between loudness conditions, and this 
effect was also different for boys than for girls.
6.3.2.4 Closed quotient
Closed quotient (Q )^ is a measure of the time the vocal folds are in 
contact as a proportion of the glottal cycle. increased significantly 
with loudness of phonation (F(2,26) = 42.73, p < 0.001), being greatest 
for the whole subject group in the loud and mid conditions, than in the 
soft condition, across all pitches. Mean Qd tended to be relatively low 
for all pitches in the soft condition as many subjects had a Qd of zero.
In general, Qd decreased in all subjects as pitch increased and this 
finding was significant (F(2,26) = 7.47, p = 0.001). There was no 
statistical difference between boys and girls, although the range between 
high and low pitch Qd values was greater in the boys. A non-significant 
finding was that at pg, and for girls and boys alike, the mid loudness 
condition produced higher Qd values than did either the soft or loud 
conditions.
In summary, then, the increase in Qd with increased loudness of 
phonation, and the decrease in Qd associated with a rise in pitch, were 
both statistically significant. No significant differences were found 
between sexes, however.
6.3.2.5 Minimum flow
Minimum flow (A^in), a measure of the amount of air leaking during 
phonation through incomplete glottal closure, was not significantly
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affected by loudness variation. Values were smaller for the female group 
than for the male group, and the ANOVA showed this overall sex 
difference was statistically significant (F(l,26) = 7.22, p = 0.012). The 
mean A^in across pitch for the females was stable under each loudness 
condition. The equivalent mean value for the male group showed mean 
Amin values which were, not only often twice that of the female group, 
but which also fell as loudness increased. The effect was not 
significantly different between sexes, however. The male group also 
used a wider range of values, compared to the female group.
The effect of pitch on the data (mean of loudness conditions) was 
not significant overall. Comparing girls and boys, however, female Amin 
remained stable as pitch increased, whereas the male group showed a 
lowering of Amin with increased pitch. But, once again, the sex of the 
subject was not a significant factor in this respect.
On closer inspection of the data, the effect on both subject groups 
was for Amin to decrease between pi and pg in the soft condition, but to 
increase between pi and pg in the other two conditions. Also, as loudness 
increased, Amm showed a systematic decrease in both groups at pi and at 
P2 , but an increase at pg. The greatest amount of minimum flow was 
produced by both groups in the soft condition at the lowest pitch. The 
lowest Amin values occurred when subjects used loud voice: at p% for 
girls, and at p2  for boys. Results for the different effects of pitch 
variation on Amin between loudness conditions was significant (F(4,104)
= 13.60, p < 0 .0 0 1 ), and results were also significant for the differences 
between sex groups in this respect (F(4,104) = 4.20, p = 0.003).
The results show that, similar to the results of the study of peak 
amplitude values, the lowest Amin values for the boys’ group were 
greater, even in the soft condition, than the highest Amm values for the 
girls’ group, and the difference was statistically significant. Again, the 
values were often double those of the comparable female data. Neither 
pitch nor loudness variation affected Amin values to a significant level 
overall, but there were significantly different effects of pitch on minimum
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Dependent variable independent variabie(s) F-vaiue df p-value
Subglottal pressure sex 2.83 1,26 .105
pitch 1.28 2,52 .286
sex  by pitch 1.36 2,52 .265
loudness 57.36 2,52 .000=
sex  by loudness 0.39 2,52 .677
pitch by loudness 2.16 4,104 .079
sex  by pitch by loudness 0.71 4,104 .586
H1-H2 sex 0.04 1,26 .836
pitch 34.52 2,52 .000=
sex  by pitch 1.84 2,52 .170
loudness 66.53 2,52 .000=
sex  by loudness 1.34 2,52 .270
pitch by loudness 4.64 4,104 .0 0 2 "
sex  by pitch by loudness 1.01 4,104 .408
AC flow sex 16.10 1,26 .000=
pitch 0.61 2,52 .548
sex  by pitch 0.11 2,52 .894
loudness 84.91 2,52 .000=
sex  by loudness 4.66 2,52 .014®
pitch by loudness 7.84 4,104 .000=
sex  by pitch by loudness 5.10 4,104 .001 =
closed quotient sex 0.14 1,26 .709
pitch 7.47 2,52 .001 =
sex  by pitch 0.69 2,52 .506
loudness 42.73 2,52 .000=
sex  by loudness 0.19 2,52 .825
pitch by loudness 2.02 4,104 .098
sex  by pitch by loudness 0.99 4,104 .415
minimum flow sex 7.22 1,26 .012®
pitch 0.82 2,52 .446
sex  by pitch 0.93 2,52 .399
loudness 1.67 2,52 .198
sex  by loudness 0.46 2,52 .636
pitch by loudness 13.60 4,104 .000=
sex  by pitch by loudness 4.20 4,104 .003^
p < 0.001; "p<0.01; =p<0.05
Table 6 . 8  Results o f ANOVA.
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flow between loudness conditions, and this difference was also 
statistically different for males and females. The ANOVA results (F- 
values) for all the above data are given in Table 6 .8 .
6.3.3 Zero closed quotient values
As mentioned above, the mean results were affected by the relatively 
high number of zero values. Zero was recorded when the glottal 
waveform was smoothed and showed no indication of a closed phase. 
The effect was most noticeable in soft voice production where, at pi and 
P2 , 64% of phonations showed no evidence of vocal fold contact. At the 
highest pitch, this figure rose to 82%. By comparison, in the mid and 
loud conditions, the proportion of zero was less than 2 0 % in pj and
P2 , and 25% at pg. There were some male-female differences also in the 
numbers of subjects apparently not employing vocal fold contact as can 
be seen in Table 6.9.
p rop o rtio n  (% ) o f  Q d v a lu e s  r e c o r d e d  a s  z e r o
all females m ales
soft mid loud soft mid loud soft mid loud
P1 64 14 7 61 22 11 70 0 0
P2 64 18 11 56 22 11 80 10 10
P3 82 25 36 83 22 33 80 30 40
Table 6.9 Proportion (%) o f phonations in each condition recorded as having zero
These differences were particularly noticeable in the percentages 
seen for p^  and p2  in the soft condition where a greater proportion of the 
boys’ productions yielded a zero Q^. In contrast, in the mid and loud 
productions during pi, all male subjects had some glottal closure, 
whereas some of the females apparently did not.
To test for the dependence of closed quotient values on the 
experimental condition, the distribution of for the different subgroups 
(sex, pitch, loudness) was investigated further. The relatively high 
frequency of zero values produced an extremely skewed distribution.
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particularly for the soft voice condition. One of the assumptions of an 
analysis of variance is that the dependent variable has a normal 
distribution. The number of subjects included in this investigation was, 
however, relatively large (n = 28) and the skewed distribution effects on 
the p-values of larger group sizes was therefore likely to be small. 
However, when the zero values were removed from the results, the 
resulting distributions had very similar means for each loudness 
condition. This suggested that it was the different amount of zeroes in 
each condition which caused the significance of the ANOVA, rather than 
the increase in loudness itself. A second ANOVA, this time with a 
2*3*2 design with all soft voice values excluded, showed that, although 
pitch was still a highly significant factor (p > 0 .0 0 1 ), there was no longer 
a significant effect of loudness on these data.
In order to substantiate the original analysis of variance, therefore, 
a chi-square analysis was performed where was considered as a 
dichotomous variable {ie a variable with only two possible outcomes). 
Zero Qci was still 0 whereas all values above zero were given the 
value 1. The chi-square result for the effects of loudness (pitch data 
combined) was significant to the same level as the F-value in the 
ANOVA (p < 0.001). The chi-square test for the effect of pitch (loudness 
data combined) on the data was still significant but at a reduced 
probability level (p < 0 .0 2 ).
The results of the chi-square analysis confirmed that the original 
ANOVA results were realistic. When interpreting the findings, however, 
it should be remembered that, for the effects of loudness, the same results 
were obtained when either degree of Q^, or simply evidence of vocal fold 
contact, was studied.
6.3.4 Schematised glottal flow waveforms
As a means of providing a method of visual comparison of the data, 
group means were used to create straight-line approximations of the 
glottal flow waveforms for male and female voices (after Holmberg et al.
1 0 8
1988). These schematised waveforms, shown in Figures 6 .6 , 6.7 and 6 .8 , 
demonstrate clearly some of the differences in AC flow, minimum flow 
and closed quotient between sexes, loudness level variation, and changes 
in phonation frequency.
The schemata were drawn using mean amplitude (1/sec) and related 
time (sec) values for females and males (see Appendix D).
Figure 6 . 6  shows nine waveform plots (3 loudness conditions * 3 
pitches) comparing mean results for males and females.
In each of the nine examples the male data waveforms have a 
substantially greater minimum flow than those of the females, 
demonstrating the significantly greater amount of glottal leak in these 
male voices. This, however, does not obscure the magnitude of the 
difference in AC flow amplitude between sex groups. The waveforms 
for both sex groups show minimal skewing either to left or right as 
reported in adult male waveforms (Monsen and Engebretson, 1977).
Figure 6.7 shows schematised glottal waveforms, comparing 
loudness conditions in each plot, for males and females separately. Soft 
voice use, particularly in the females, produced glottal waveforms which 
are markedly different from their mid or loud voice waveforms. Also of 
interest is the systematic nature of the pitch-varying changes within 
loudness conditions which are illustrated more noticeably in the girls’ 
waveforms compared to those of the boys.
Figure 6 . 8  shows the effect of pitch variation on the glottal 
waveform for female and male groups. Most striking is the systematic 
nature of this effect, particularly in the female waveforms. Also, as 
glottal period increased, the vocal folds remained closed for a greater 
proportion of the cycle, whereas the open phase remained relatively 
stable at least during mid and loud voice production.
6.4 Discussion
The individual ranges of values, and the relatively high standard 
deviations observed in the analysis of these group data, across both pitch
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and loudness levels, indicate that there was a relatively large amount of 
variability between these subjects. The amount of variability appears to 
be high for both the female and the male groups of subjects, as has been 
found in studies of adults (Holmberg et al, 1988; 1989). Stathopoulos 
(1995) found that there was no greater variability in measures of children 
compared to those of adults. To see if this was also true in the present 
data compared to adults, as well as other children, standard deviations 
(sd) were compared to the results from other studies (Holmberg et al, 
1988; 1989; 1994; 1995; Hertegârd et al, 1992; Stathopoulos and 
Sapienza, 1997; Stevens and Hanson, 1995). Table 6.10 shows standard 
deviations expressed as a proportion of the mean for adults and children. 
The table shows that the mean sds for the present boys and girls for 
subglottal pressure and H 1-H2  are similar to those reported for adults and 
other children. AC flow sd was slightly higher for the boys from the 
present study compared to the girls, and to previous results for adults and 
boys, although similar to previous results for girls. The present girls’ sd 
values compared well with previously-published data. Closed quotient 
produced high standard deviations in the present data as a result of the 
inter- and intra-subject variability in scores. This, in the main, was due to 
the low incidence of a measurable closed phase in soft phonation. 
Previous investigations (Robb and Simmons, 1990; Stathopoulos and 
Sapienza, 1997; Holmberg et al, 1994; 1995) have applied a percentage 
criterion to the AC amplitude of the flow or EGG waveform which 
eliminates the possibility of a zero closed phase value. Standard 
deviations cannot easily be compared between this and these earlier 
studies, therefore. Minimum flow produced somewhat higher sds in the 
present subjects compared to the data available for adults (no previous 
data are available for children).
The results of these comparisons show that, excluding the sd results 
for Qci and minimum flow, the present children showed a similar 
variability in voice source characteristics to that shown by children and 
adults from previous studies. This is interesting as it was expected that
113
variability would be lower in the present children due to their singing 
experience.
This study investigated the vocal productions of a relatively large 
number of subjects (n = 28), which allows a greater level of confidence in 
the statistical results. Some authors (Holmberg et al, 1989; Robb and 
Simmons, 1990; Âkerlund and Gramming, 1994) have questioned the 
effects of the varying sound pressure levels produced by subjects within 
loudness conditions, and normalisation of SPL between subjects has been 
shown to reduce the significance of the results. However, subglottal 
pressure has been demonstrated to be highly correlated with the 
perception of loudness (Ladefoged, 1961) and, in these children, Pg was 
not statistically different between sex groups in any of the loudness and 
pitch conditions. It was considered, therefore, that these data could be 
used reliably to compare results between male and female vocal 
productions, as well as adult-child differences, under these conditions.
6.4.1 Comparison with previous data
The present data can be compared, in particular, to a series of 
investigations of adults by Holmberg, Hillman, Perkell and co-workers 
(1988, with an erratum printed in 1989; 1989; 1993; 1995) where a 
number of glottal airflow and pressure parameters were measured. 
Although using speech and not singing tasks, the methodology adopted in 
the adult studies was similar to the methodology of the present study. 
Holmberg et al (1988 and 1989) reported on a large study of 45 adults 
where subjects were asked to produce five repetitions of the syllable /pæ/ 
at a comfortable loudness and pitch. These syllable strings were 
produced at three loudness levels (normal, soft and loud) and at three 
pitches (mid, low and high). Means, standard deviations and ranges of 
values, of both male and female subjects’ phonations during each 
loudness and pitch condition, were calculated. Comparable 
measurements are: subglottal pressure; AC flow; closed quotient 
(calculated from the values presented by Holmberg et al for open
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quotient, ie 1 minus open quotient value); and minimum flow. In order 
to match the pitch-dependent results of the present data with the results 
published from the Holmberg et al study, P2  (262 Hz) values only were 
used for comparing loudness variation. This was close to the mean 
fundamental frequency for sustained vowel production (around 250 Hz) 
in older children’s speech (Peterson and Barney, 1952; Eguchi and Hirsh, 
1969; Hasek, Singh and Murry, 1980; Bennett, 1981), and therefore were 
most comparable with mid pitch production in the adult data. Similarly, 
mid loudness values only were used for comparing pitch variation. 
Holmberg and co-workers produced further adult data in a later article 
(Holmberg et al, 1995). The results from the Stathopoulos and Sapienza 
study (1997) also provided the opportunity to compare the present data to 
those of other children. These results, as well as the child data from 
Robb and Simmons (1990), the H 1-H2  data from Stevens and Hanson 
(1995), and the results of pitch variation in adults (Hertegârd, Gauffin 
and Karlsson, 1992), are included in tables below. Comparisons with 
previous findings and the present data, and the effects of loudness and 
pitch variation on the data, are discussed.
6.4.1.1 Subglottal pressure
The present results show increased subglottal pressure resulted in an 
increase in loudness of phonation, but that pitch variation was fairly 
independent of pressure changes. Boys’ values were higher than girls’ 
values at all pitch and loudness levels, although the difference in each 
case was small.
Table 6.11 shows the results for these studies, plus the results from 
the present study. Previous investigations of subglottal pressure in 
children (Stathopoulos and Sapienza, 1997), and adults (Holmberg et al, 
1988; 1994; 1995; Stathopoulos and Sapienza, 1997) have shown Pg to 
increase with increased loudness, for children to have greater Pg than 
adults, and for there to be little difference between values for males and 
females.
115
*-r 73 Q «
0) 13
CM in CO inm ■M- o  in O )CM CM CM
O  O  CO o
i t^  73
CO in Tf
CM CM CM
CO CO CO
CO CO 
CO CO
CO CM 
CO CO COCO d COs sw
CO
bû S
II
O ) CO CM
o o
CO
CJ N
d  d
T -  CO 
CO CM
d  d
m
o
<0 \
CO  CO 1 -  Tj-
co CO CM in
CO in
o o
Q . o cr
I K 
( 2  2
116
The present data also show substantially higher Pg values for 
children than adults, although the overall difference is less than that 
reported by Stathopoulos and Sapienza (1991, as quoted in Titze, 1994). 
Mean Pg values in the present data were similar to previous findings in 
children in the Stathopoulos and Sapienza (1997) results.
Pg was greater in children than in adults at all loudness levels. The 
children showed pressure ranges which were generally wider than the 
comparable adult data and which were shifted higher on the cm H2 O 
scale. The males in each study also tended to use a narrower range of Pg 
compared to females. Mean pressure values increased with loudness for 
both adults and children in all study data.
It is possible that the higher pressure values found in the present 
child data relative to the adult data was a consequence of the phonation 
task being singing rather than speech. As Pg values similar to the present 
findings were found in an investigation of children’s speech tokens 
(Stathopoulos and Sapienza, 1997), however, it is likely the present 
values are representative of children’s voices. The use of higher 
pressures by children may therefore be a reflection of the physical and 
physiological differences between children and adults. To produce 
sounds which are as loud as adult sounds, children must compensate for 
their smaller vocal folds and lungs (see Titze, 1994, p i80). Quoting 
Stathopoulos and Sapienza (1991), Titze described children between the 
ages of 4 and 8  years as producing time-varying (oscillatory) glottal 
airflows similar to adults in soft, comfortable and loud phonation. This is 
only possible, according to Titze, if either lung pressure, and therefore 
amplitude of vocal fold vibration, are significantly greater in children. 
Stathopoulos and Sapienza (1991) found lung pressure to be 50 to 60% 
greater in children than in adults. As Titze explains, ‘children attempt to 
match the vocal loudness of adults by working harder. They compromise 
the length of their vocal utterances to achieve this equality in loudness.’ 
McAllister et al (1994) reported the finding that the lower contour of the 
VRPs (ie subglottal pressure at the softest phonation threshold) produced
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in a study of 1 0 -year-old children was elevated compared to adult results. 
This suggests, say the authors, that the vocal fold structures of these 
children demanded relatively higher pressures to vibrate, at least at the 
lowest SPL threshold. A later VRP study of children (McAllister and 
Sundberg, 1996) showed mean subglottal pressures at mid loudness and 
mid pitch (5.9 cm H2 O) to be similar to adult equivalent measures. 
However, the mean for the children’s entire pitch range at mid loudness 
was higher (9.5 cm H2 O) and closely matched the mean pressure at mid 
loudness (across pitch and sex) from the present study (9.3 cm H2 O).
Table 6.12 shows the relationship between pitch of phonation and 
subglottal pressure and compares results between adults (Holmberg et al, 
1989; Hertegârd et al, 1992) and children from the present study. Adult 
data showed pitch variation had very little effect on pressure values, and 
that male values were slightly higher than female values.
In the present data, mean Pg values for the children show the effects 
of a pitch increase were similar to those found in the adult studies. Pg at 
all pitch levels was higher than those of the Holmberg et al (1989) adults. 
This effect was not seen, however, when the children’s data was 
compared with the results from the Hertegârd et al (1992) adult study. 
Hertegârd et al suggested that their adult subjects had used a relatively 
loud voice during all productions, and they discovered their pressure 
values compared well to results found for loud voice in other adult 
studies.
McAllister and Sundberg (1996) had reported a tendency for 
threshold pressure (ie in softest phonation) to increase with a rise in Fq in 
boys but not in girls. In the present study, male subjects showed higher 
mean Pg values than female subjects, but the effect of increased pitch was 
minimal. Where data is available, the ranges of values overlap but, 
generally speaking, the ranges for the children are wider than for the 
adults, and are shifted higher along the scale. Holmberg et al (1989) 
found a statistically significant increase in pressure between normal and 
high pitch, but only in the female group. It was speculated that the
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changes seen in Pg values for the males was related more to SPL changes 
than to Fq.
6.4.1.2 Harmonic level differences (H 1-H2 )
The results showed H 1-H2  decreased with an increase in loudness, and 
increased with a rise in pitch. Data for boys and for girls were similar, 
although the effects of pitch were different in each loudness condition in 
the boys’ group.
Table 6.13 compares results of the present study with those 
obtained from a study of mid and loud voice syllable productions in 
twenty adult females (Holmberg et al, 1995), and a study of the 
productions of eight vowels at mid loudness by adult female speakers, as 
produced in a /bVd/ context (Stevens and Hanson, 1995)^. The present 
results compare well to the Holmberg et al (1995) study of adult females 
as H 1-H2  decreased with louder phonation. The decrease was greater in 
the adults, however.
Stevens and Hanson (1995) found that, using a synthesis model 
containing several glottal sources (KLSYN8 8 , Klatt and Klatt, 1990), an 
H 1-H2  change of 10 dB corresponded to a 40% change in open quotient. 
No correlation between H 1-H2  and closed quotient was found in the 
present results where whole-group effects were studied across pitch. 
When intra-subject variation was examined, and when each pitch was 
studied separately, however, correlations were often apparent, 
particularly in the boys’ data. The first pitch produced strong negative 
correlations (r < -0.9) in 70% of male subjects and 28% of female 
subjects, whereas p2  produced the same high correlation in 50% of both 
male and female subjects. The highest pitch had r values greater than 0.9
Stevens and Hanson (1995) reported that mathematical corrections were made for the 
influence o f F, energy on H, and H2  o f the speech pressure waveform, and Holmberg et al (1995) 
have used the same technique. Absolute values can be compared between these studies o f  adults 
and the present flow-based data by adding 6  dB to the adult values, thereby compensating for the 6  
dB per octave radiation effects included in the sound pressure wave. The results shown in Table 
6.13 are the adjusted Hj-Hj values for the vowel /æ/. Holmberg et al made the same corrections 
for the effects o f F, on the spectrum as performed by Stevens and Hanson (1995), and the results 
shown here have been similarly adjusted.
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in only 30% of boys or girls, although 50% of girls showed a correlation 
of r  < -0.7. Holmberg et al (1995) also found a strong negative 
correlation in their adult female subjects between H 1-H2  and closed 
quotient of r  = -0.69 for the group. Intra-subject analysis showed most 
subjects (75%) showed the same negative correlation (r < -0.70).
There appears to be no comparable data on the effects of pitch 
variation on H 1-H2 .
The H 1-H2  values were generally greater, and the standard 
deviations proportionately smaller, in the children than in the adult 
females. Both children and adults reduced the difference between H  ^and 
H2  as loudness increased, although the reduction was greater in the adult 
data.
6.4.1.3 Flow amplitude (AC flow)
The results for the children from the present study showed AC flow to 
increase with increased loudness. The girls’ data was stable with pitch 
variation whereas the boys’ data showed the effects of increased pitch 
were different in each loudness condition. The boys also had far greater 
AC flow overall than the girls.
Table 6.14 shows AC flow amplitude values for adults (Holmberg 
et al, 1988; 1994; 1995; Stathopoulos and Sapienza, 1997) and children 
(Stathopoulos and Sapienza, 1997; and present data) at mid pitch in each 
loudness condition.
Stathopoulos and Sapienza (1997) found values for boys tended to 
be higher than the equivalent values for girls across age-groups. Also,
AC flow was similar across age-groups for boys and girls (4 to 12 years). 
However, all values were higher in the Stathopoulos and Sapienza data 
compared to the present values. At each loudness level, the child mean 
A^c values were at least half that of values from the adult studies.
In both adult and child subject groups, AC flow increased as 
loudness increased. Holmberg et al (1988), however, found adult female
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subjects had similar values for soft and loud production, and had reduced 
AC flow in mid loudness.
Holmberg et al (1988) concluded that the difference in AC flow 
apparent in their male and female adult subjects was probably attributable 
to a larger male glottis. In the results of the studies of children’s voices, 
however, subjects had not yet reached puberty and laryngeal dimensions 
could be assumed to be similar for males and females (Kahane, 1975). It 
seems possible, therefore, that glottis size alone was not the cause of the 
statistically significant difference in AC flow between males and females. 
However, there is evidence that sex differences in vocal fold length occur 
before puberty (Kazarian et al, 1978). More information is needed on 
laryngeal dimensions, and of vocal fold length, in boys and girls of 1 1  
years of age before a conclusion can be drawn as to the cause of the 
present sex-based differences in glottal flow amplitude.
Table 6.15 shows the comparable AC flow data for adults and 
children for pitch variation. In children and adults (Holmberg et al,
1989; Hertegârd et al, 1992) alike, the effect of an increase in pitch was 
to increase A^c in the male group whereas the female AC flow was 
unaffected by pitch.
The adults showed a substantially greater amplitude of vibration 
overall compared to the children at all pitches, and adult males showed 
Aac values which were higher than adult female values.
A particular point of interest is the present finding that amplitude of 
glottal airflow was greater in boys than girls. The fact that this suggests 
the boys had longer vocal folds is supported by anatomical evidence, 
particularly that of Kazarian et al (1978) who reported sex differences 
occurring between the ages of 6  and 10 years. However, Stathopoulos 
and Sapienza’s (1997) glottal flow data, did not reveal evidence of male- 
female differences in AC flow for subjects less than 14 years old.
6.4.1.4 Closed quotient
The results of this experiment have shown that closed quotient increased
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as loudness increased but decreased as pitch increased. Values for males 
and females were comparable.
Table 6.16 shows mean values for for adults (Holmberg et al, 
1988; 1994; 1995; Stathopoulos and Sapienza, 1997) and children (Robb 
and Simmons, 1990; Stathopoulos and Sapienza, 1997; and results from 
the present study). The Robb and Simmons investigation reported 
calculations made from EGG waveforms, and a 50% criterion was used 
to estimate closed and open portions of the cycle. Absolute values from 
this study cannot be compared with the present results, therefore, not 
least because the 50% criterion in measurement did not allow for a zero 
value for closed quotient. Although variations in vocal productions were 
not investigated by Robb and Simmons, differences in male-female vocal 
fold contact behaviour for mid pitch and loudness can be compared 
between the two studies. In this respect, however, results differ. Closed 
quotient values at mid loudness were far higher in males than females in 
the Robb and Simmons study. In the present results, and in the results 
from another child study (Stathopoulos and Sapienza, 1997), the trend in 
Qci values was similar between girls and boys. Stathopoulos and 
Sapienza (1997) used a 20% criterion for measuring open and closed 
portions of the glottal flow waveform so actual values differ and a value 
of zero closed quotient was not possible.
For all subjects, increased as a function of increased loudness, 
although the children from the Stathopoulos and Sapienza (1997) study 
showed equal values in mid and loud voice. Adult and child values 
from all studies showed substantially greater closed quotient values 
across loudness conditions compared to the present results, but with 
differences in measurement technique this is not surprising. It is more 
worthwhile, therefore, to compare trends in the data between studies. 
Adult males had greater closed quotients than adult females but, as 
mentioned above, there were no sex-dependent differences in values in 
boys and girls, except in the Robb and Simmons (1990) study.
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The pitch-dependent effects on for adults (Holmberg et al,
1989) and children are shown in Table 6.17. In all subjects, adults and 
children, decreased with pitch. The greatest decrease was found in 
adult females, and the smallest decrease was in the present girls’ data.
Closed quotient values were, in general, greater in the adults than in 
the children, and greater in males than in females.
6.4.1.5 Minimum flow
Results of the present study showed A^in to be unaffected to a significant 
level by either pitch or loudness.
Table 6.18 shows the comparable adult (Holmberg et al, 1988;
1994; 1995) and child loudness data. The results show minimum flow to 
decrease between soft and loud conditions in all subject groups except for 
female children where values were equal across loudness conditions.
Amin values were greater for males than for females in children, but in 
adults the opposite is true (Holmberg et al, 1994) as women showed 
greater amounts of glottal leak than men. A^m was often twice as large in 
comparable male-female data as well as adult-child data. Perkell et al 
(1994) explained the differences in results of these two studies were due 
to earlier excessive low-pass filtering, different parameter extraction 
methods, and sampling effects. It appears, therefore, that their more 
recent findings are the more reliable.
The comparable pitch-dependent A^in values for adults (Holmberg 
et al, 1989; Hertegârd et al, 1992) and child data are presented in Table 
6.19. Once again, the adult values were generally greater than the child 
values, except when the present results for boys were compared to the 
adult male results from the Hertegârd et al (1992) study. In all studies, 
Amin increased between low and high pitch in adult and child male 
groups, but pitch had little effect on the adult and child female data. 
Standard deviations were proportionately greater in the children’s results.
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It is interesting that the Amin values for girls remained stable as both 
pitch and loudness increased, whereas the boys’ A^in values decreased 
with louder phonation and increased with a rise in pitch. As pitch was 
controlled and loudness levels were chosen by the subjects, the results 
could indicate that, as these boys raised pitch, they also lowered vocal 
intensity. This was not apparent during recording, however. Taking 
minimum flow as a measure of glottal leak and therefore as a predictor of 
breathiness, it seems that the girls sustained a level of breathiness across 
both pitch and loudness levels, whereas the boys increased the breathy 
quality of their voices in softer phonations and at higher pitches.
Holmberg et al (1988; 1989) speculated that, although glottal air 
leakage was not significantly different between men and women, it was 
likely to have produced greater aspiration perceptually in the speech 
productions of females. Such a perceptual quality results, the authors 
state, from the reduced masking effect of a steeper spectral tilt in females. 
In the present data, H 1-H2  was only slightly greater in girls.
In a study of the VRPs of sixty 10-year-olds, McAllister et al 
(1994) found evidence of incomplete glottal closure, using laryngoscopic 
examination, in 23% of their subjects. Of these 14 children (nine boys 
and five girls), nine were judged to be perceptually free from either 
hoarseness or breathiness although it is not stated what percentage of 
these nine subjects were boys or girls. The authors report that inter-judge 
reliability was poor, and judges were inconsistent in perceiving 
breathiness in their subjects. They concluded that the presence of some 
breathiness might be a normal child voice characteristic and therefore 
might not be perceived as a salient voice trait. It remains to be 
discovered if the amount of glottal leak present during phonation affected 
the breathy quality of the present children’s voices, or if the voices of 
either sex were perceptually more breathy than the other.
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6.4.2 Comparisons of adult-child and female-male glottal flow 
waveforms
The straight-line approximations to the mean glottal flow waveforms 
produced by these children provide a simplified means of comparing the 
effects of pitch and loudness variation on their vocalisation. Although 
not all aspects of the waveforms are represented in the schemata, 
important characteristics (such as peak flow, minimum flow and closed 
phase) are shown as a fimction of time.
Adult glottal waveforms from neutral voice production are 
typically asymmetrical (Monsen and Engebretson, 1977), but female 
glottal flow pulses are not simply scaled-down versions of male voice 
pulses (Fant and Lin, 1988). High fundamental frequency of phonation, 
soft voice, and breathy phonation, all have been found to produce glottal 
waveforms in adults which are more symmetrical due to the more equal 
durations of opening and closing phases of the cycle, and these factors 
are more typical in female than male phonations (Monsen and 
Engebretson, 1977; Bickley, 1982; Holmberg et al, 1988). Loud voice is 
characterised by a shorter and more abrupt closing phase and a flatter 
spectrum, soft voice by a longer and more gradual closing phase and a 
steeper spectral slope (Monsen and Engebretson, 1977).
Thus the schematised glottal waveforms (Figures 6 . 6  and 6.7) allow 
visual comparisons to be made between sex groups and between pitch 
and loudness conditions. Also, comparisons can be made with the 
schematised waveforms produced by Holmberg et al, (1988) from their 
study of the effects of loudness variation on adult voices.
It should be remembered that the experimental tasks differed 
between the adult and child studies, as the adults produced the syllable 
/pæ/ and used a speaking voice. Also, pitch was controlled in the present 
study but not in the study of adults. The adult male waveforms have, as 
would be expected, a longer fundamental period than the adult female 
waveforms.
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Within loudness conditions, the waveforms of adult females, girls 
and boys showed no obvious skewing compared to adult males. Both AC 
and minimum flow were greater in males than females in both adults and 
children. However, the difference between male and female minimum 
flow values was relatively larger in children than in adults.
These comparisons show overall similarities in the waveforms of 
all groups. They also highlight some of the differences between age and 
sex groups occurring as loudness increased. The effects of loudness 
variation was not always consistent between adult and child sex groups, 
or between sexes within each age-group.
6.4.3 Evaluation of present findings
The discussions which appeared earlier in this chapter have included a 
comparison of the present results with data for 1 0 -year-old boys and girls 
from the Stathopoulos and Sapienza (1997) study. Their data for 10- 
year-olds was chosen for comparison as this is the age-group which most 
closely matched the developmental age of the present children.
However, the authors also presented findings from their voice source 
study to include children aged 4 to 12 years, as well as adolescents (boys 
and girls aged 14 years) and adults (men and women with an average age 
of 24 years), and it is worthwhile considering these results in a little more 
detail. The results are of particular interest to the general study of 
children’s voices as they provide an insight into some of the trends 
associated with development. Figures 6.9, 6.10 and 6.11 present the 
results from the Stathopoulos and Sapienza (1997) study for subglottal 
pressure, AC flow and closed quotient, respectively. Also included in the 
figures are the results from the present study, and each table shows 
results for soft, mid and loud voice. The present pressure data (Figure 
6.9) fit well to the trend shown in results from the Stathopoulos and 
Sapienza study. In fact, the girls’ data demonstrates a particularly good 
match. The present AC flow data (Figure 6.10) are also quite consistent 
with those of the previous study for boys, but less so for girls.
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Figure 6.9 Comparison of subglottal pressure values from present subjects
and from Stathopoulos and Sapienza (1997) study.
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Figure 6.10 Comparison of AC flow values from present subjects and from
Stathopoulos and Sapienza (1997) study.
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Figure 6.11 Comparison of closed quotient values from present subjects and
from Stathopoulos and Sapienza (1997) study.
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Closed quotient (Figure 6 .11) is more difficult to compare between 
these two studies as different measurement techniques were used to 
established closed and open portions of the waveform. It can be 
observed, however, that the Stathopoulos and Sapienza subjects produced 
values which were substantially higher for 1 0 -year-old girls than for 1 0 - 
year-old boys, whereas there was no consistency of findings in the 
present data. The sex difference found in the Stathopoulos and Sapienza 
study is confined almost exclusively, however, to children aged 1 0  and 
12 years. For other age-groups, for adolescents and for adults, the 
opposite sex difference can generally be observed.
The present results show a number of differences between adults 
and children. Most values (AC flow, closed quotient and minimum flow) 
were greater in adults, but subglottal pressure was higher in the children. 
The findings also appear to provide evidence of sex differences in 
laryngeal structure and function in 11-year-old children. Statistically 
significant differences were found between boys’ and girls’ glottal flow 
measures, principally in AC and minimum flow amplitudes. Inter­
subject variability was high, suggesting a certain amount of caution is 
needed in interpreting the results. However, the relatively large number 
of subjects (for such acoustic or aerodynamic studies) included in the 
study went some way to ensuring the results were reliable and 
representative of children’s vocal behaviour. The syllable-repetition task 
used in this study was effective in producing the required pressure and 
glottal flow data for analysis.
This study highlights some of the limitations of using existing 
adult-based approaches to measure children’s vocalisations. For 
example, inverse filtering was successful only for phonations made in the 
lower vocal range of these children. Above 330 Hz, it was impossible to 
identify the effects of the lower formants on the glottal waveform^. Thus, 
the investigation was restricted to the effect of pitch variation on
This finding was not unexpected and it is a classic observation in studies o f adult female 
voice. With increased pitch, the lower harmonics come into closer proximity with the first 
formant.
139
subglottal pressure and glottal flow within a seven-semitone range. The 
three pitches included in the analysis were, however, representative of 
upper, mid and lower fundamental frequencies in speech for 1 1 -year-old 
children (Hasek, Singh and Murry, 1980; Bennett, 1983). Inverse filtering 
evolved as a method of analysing adult male voices, these voices being 
the principal subject of study in early experiments. Although its use is 
not restricted to only adult male subjects, high-pitched sounds appear to 
be outside the scope of the existing technology. Many subjects showed 
evidence of incomplete glottal closure, or even no vocal fold contact, 
particularly during soft voice phonations. Determination of the closed 
portion of the glottal cycle was sometimes difficult in these child subjects 
due to the smoothed, symmetrical waveform found particularly in soft 
voice (Bickley 1982; Klatt and Klatt, 1990; Stathopoulos and Sapienza, 
1997; Holmberg et al, 1995). At present, there is no method of 
estimating the three-dimensional pattern of closure from the glottal 
waveform. But, as such large numbers of the waveforms studied showed 
evidence of an absence of vocal fold contact (smoothed, curved closed 
portions), it seems vital that this aspect of vocal fold motion is 
investigated further.
The present results complement the existing knowledge of vocal 
fold behaviour by providing detailed information on children’s 
productions. The waveforms for girls, boys and women were similar in 
shape, however, being more symmetrical than those of adult males. It is 
clear that the effects of pitch and loudness variation on these waveforms 
were similar between adults and children. Also, this study demonstrated 
that many of the differences, and similarities, between male and female 
voices exist in childhood, at least in these 1 1 -year-old subjects.
However, it is as yet unclear if these sex differences are caused by 
anatomical or morphological differences, or by sex- or gender-specific 
vocal behaviours adopted by these boys and girls. More evidence of the 
anatomical and physiological differences between sexes is needed, as is 
vocal fold modelling for children’s phonations. These results supplement
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the existing knowledge-base of voice source characteristics and should be 
useful by providing normative data on an important group of subjects.
For reasons of limitation, only those aspects of children’s voice 
source characteristics which were most interesting and relevant to the 
overall investigation were studied at this time. The study would have 
possibly benefitted from the inclusion of a measure of sound pressure 
level. The methodology adopted did not provide a means of estimating 
absolute value differences in intensity between conditions, or between 
subjects and subject groups, but the audio output can be used at a later 
date to measure differences in loudness levels between subjects for each 
of the vocal loudness conditions. Subglottal pressure is strongly related 
to loudness, however, and it will be interesting to compare these values 
with SPL. Also, the fastest rate of change of airflow during vocal fold 
closing has not yet been measured from the present data. Holmberg et al 
(1988) and Gauffin and Sundberg (1989) found maximum flow 
declination rate in adults to be positively correlated with increased 
intensity. Stathopoulos and Sapienza (1994), however, found MFDR to 
be lower in children than adult males, despite SPL being higher in 
children. It would be worthwhile to compare values of subglottal 
pressure, MFDR and SPL in children in the future. It would be 
interesting also to evaluate the ratio of AC to DC flow in children’s 
voices as this has been found to be a good indicator of perceived 
breathiness in adult voices (Fritzell et al, 1986).
It would also be useful to know if subjects had entered puberty at 
the time of recording. Structures are subject to an increased rate of 
growth and change during adolescence and subjects who have entered 
this period are no longer truly representative of childhood as defined in 
Chapter 3. Although the mutational period is reported to start at between 
12 and 14 years in girls, and between 14 and 16 years in boys (Valadian 
and Porter, 1977), McAllister et al (1994) found evidence of the onset of 
puberty in eight {ie 13%) of their 60 ten-year-old subjects.
There is a growing number of reports of the glottal flow parameters
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in adult voice production. These investigations have provided 
information on the characteristics of the adult voice source under normal 
and pathological conditions. Normal vocal fold behaviour is essential as 
a knowledge-base with which to compare investigations of dysfunctional 
or pathological voice, or of the effects of training on the voice. At 
present, due to insufficient data having been presented, the assessment of 
children’s voices is reliant on extrapolation from the results of adult 
studies. Although anatomical data pertaining to children are also limited, 
it is clear that the laryngeal structures differ greatly between childhood 
and adulthood, both in dimensions and in morphology, particularly of the 
vocal folds. It is, therefore, unrealistic to apply such an understanding of 
adult voice mechanisms in the assessment of prepubescent voices. The 
hard data presented here will go some way to helping increase our 
knowledge and understanding of children’s voices.
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Chapter Seven
7. Experiment 3: Formant frequency analysis of
children’s spoken and sung vowels using 
sweeping fundamental frequency production
7.1 Introduction
According to source-filter theory (Fant, 1960), the vocal tract transfer 
function has the effect of producing energy peaks in the voice source 
spectrum. The harmonics of the quasi-periodic source are subjected to 
the complex filtering of the vocal tract so that some harmonics are 
enhanced, and some attenuated, according to their proximity to a resonant 
frequency. These resonances, known as formants, are dependent upon 
the relative positions of the articulators (lips, tongue, jaw, velum and 
larynx), and also upon vocal tract length. Thus, a change in articulatory 
positions changes the formant patterns. Formant analysis provides useful 
information, therefore, of the differences in articulation between speakers 
or speaker groups.
One of the earliest studies of formant measurements was conducted 
by Peterson and Barney in 1952. A group of 33 men, 28 women and 15 
children (both sexes but ages unspecified) produced ten vowels in a CVC 
(consonant-vowel-consonant) context. The authors established that the 
vowel formant frequencies of the children were higher than those for adult 
females, who in turn had higher formant frequencies than adult males. This 
work remains one of the most cited sources of reference for vowel formant 
positions for adults. However, the data provided with respect to children 
are limited. Their ages are not specified, and male and female data is 
combined.
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In 1969, Eguchi and Hirsh produced a substantial work detailing, 
along with Fq and voice onset time data, the formant frequency values for 
adults, and for groups of children across a broad age range. Although 
younger boys’ and girls’ data were combined, results for older children 
were presented for males and females separately. The results showed that 
formant frequencies decreased with age, the most marked reduction being 
between the ages of 3 and 5 years, and F2  fell at a faster rate across age 
groups compared to F,. Variability also reduced as a function of increasing 
age which, the authors suggested, reflected the growing stability of 
articulatory positioning as the child matures. This assumption has been 
questioned (Lindblom, 1972; Kent, 1976), however, due to the increased 
likelihood of error in measurement associated with higher-pitched sounds 
of younger children (see Chapter 3). Eguchi and Hirsh (1969) and others 
have reported a decrease in Fq as the age of children increases.
Presumably, formant frequency measurement error would have decreased 
also with the subject’s age, thus being a major factor in the variability of 
data. Despite this, and the fact that the number of subjects was relatively 
small (n = 5 per age or age-sex group), age groups were only differentiated 
by sex from 1 1  years upwards, and the speakers were from just one area of 
the United States of America, the results remain the greatest source of 
information regarding developmental aspects of vowel formant frequency 
locations in children.
Bennett (1981), in her investigation of 7- and 8 -year-old children’s 
vowel formant frequencies, found that a comparison of boys’ and girls’ 
formant centre frequencies for five vowels showed consistently lower 
frequencies for boys. She suggested the differences between males and 
females were chiefly due to males using a smaller jaw opening, more lip 
rounding, and/or a lower larynx position than females.
The present experiment was designed to elicit realistic vowel 
formant data from the subjects by providing harmonic detail sufficient to 
resolve the vocal tract resonances upon spectrographic analysis. Such 
results from children’s vocalisations are severely lacking in the literature
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_  as outlined and explained in earlier chapters of this thesis. According to 
source-filter theory, formant analysis provides important details of the 
typical or atypical articulatory behaviours involved in vowel production 
and this remains, therefore, an area of the acoustic study of children’s 
speech and voice for which little is known.
The design included vowel production, in both speaking and 
singing voice, with a slowly-varying fundamental frequency to provide 
harmonic energy across the majority of frequencies in a 0 to 4 kHz range. 
The study has sought to provide the following:
(a) a reliable estimation of Fj and F2  centre frequencies from vowels 
produced by 1 1 -year-old children;
(b) formant frequency measurements which can be compared to 
findings from earlier studies of adult and children’s vowels;
(c) a comparison of the data between the speaking and singing voices 
of these children;
(d) a comparison of data between boys and girls; and
(c) an assessment of this method of analysis for use in formant
measurement in children.
7.2 Method
7.2.1 Subjects and tasks
Twenty-nine Swedish children from one class of the Adolf Fredrik Music 
School in Stockholm were selected by the school to participate in the 
study. This group consisted of a class of 19 girls and 10 boys, all of 
whom were aged 11 years at the time of recording. All were experienced 
in singing although none had received formal (individual) training. Two 
recording sessions were held on two consecutive afternoons, with male 
and female subjects being selected at random from the class to attend in 
groups of three or four.
The recording environment was a music hall within the main 
school building which was approximately 1000 m .^ Subjects attended in
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small groups but each subject was recorded individually performing 
speaking and singing tasks \
For this experiment, the subjects were asked to produce four 
sustained vowels, in both speaking and singing voice, which varied in 
pitch. The four vowels were /æ/, /u/, /i/ and loi. These vowels represent 
extremes of vowel production in terms of articulation and formant 
position. It was explained to the subjects that they should maintain both 
vowel quality and vocal loudness throughout each production of a vowel. 
Given the age of the subjects, the variation in fundamental frequency was 
limited to a seven semi-tone range. The spectrum effects of Fq variation, 
and the benefits of adopting this method, were described in detail in 
Chapter 4 above.
Verbal cues were given by the investigator to demonstrate each 
vowel and, at least for the first of the vowel productions, the nature of the 
required Fq sweep (glide). Pitch was varied slowly and smoothly in order 
to obtain good formant definition upon spectrographic analysis. All 29 
subjects were allowed time to practise the glides if necessary.
The first task required the subjects to produce each vowel using a 
speaking voice, with phonation frequency varied by at least a fifth from 
low pitch to high pitch. A uni-directional glide was used to approximate, 
albeit in an exaggerated manner, an intonation pattern often associated 
with speech (a rise). The demonstration vowels indicated the duration of 
each glide to be between 1.5 and 2 seconds.
For the second task, the subjects were asked to produce the same 
four vowels using a singing voice. This time the glide was bi-directional 
(to simulate more closely the singing practice activities of these 
children), being pitched with constant voicing from A3 to E4, and back to 
A3 . The duration of the glide, given by verbal example, was around 3 
seconds. Pitch was cued by use of a piano. Testing instructions were
1 These children were the subjects for two investigations, a study o f formant frequencies
reported here, and the voice source characteristics study described in Experiment 2.
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given in Swedish throughout. All subjects completed both the speaking 
and singing tasks successfully.
The audio signal was captured by means of a Sony ECM-959DT 
high-fidelity digital microphone, located on a stand kept at a constant 
distance of 25 cm from the subject’s mouth, and connected to the first 
channel of a TEAC multi-channel PCM digital recorder (RD 200 PCM).
7.2.2 Analysis method
In the laboratory, portions of the speech pressure waveform were 
transferred from digital tape to a Kay Elemetrics Digital Sonagraph 
(model DSP 5500) at a sample rate of 8  kHz. Two analysis windows 
were chosen which provided (a) a spectrogram of the captured waveform, 
and (b) a display of the averaged spectrum of a selected portion of the 
waveform. The spectrographic analysis window was adjusted to provide 
a transform function of 512 points providing a narrowband (29 Hz) 
display of the data. The average FFT analysis window was configured 
with a transform size of 75 points (equivalent to a filter bandwidth of 200 
Hz).
The resulting spectrograms were inspected closely for evidence of 
changes in formant location with the increase and/or decrease in Fq. A 
mid portion (approximately 1 sec for both speech and singing) of each 
vowel was selected for analysis and was checked perceptually for its 
vowel quality to ensure it was representative of the vowel type set out in 
the task. No spoken or sung vowel samples were excluded from the 
analysis.
Once the portion of vowel had been selected for analysis, the F; 
and F2  areas were identified by visual inspection of the spectrographic 
display as described in the introduction above. The findings were 
confirmed by comparison with the location of formant peaks in the 
averaged spectrum. For the sung vowels, formant frequency estimation 
resulted from a comparison of both a rising and a falling Fg portion of the 
vowel. F| and F2  centre frequencies were recorded for all four vowels, as
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spoken and sung by each subject, using computer software. This 
produced 464 data points (2 formants * 4 vowels * 2 voice types * 29 
subjects); a total of 16 data points per subject.
Figures 7.1 (a) and 7.2 (a) show actual spectrograms for speech and 
singing, respectively. Part (b) of each figure shows the averaged 
spectrum for a portion of the vowel as defined by the two vertical time- 
axis cursors placed on the spectrogram.
In Figure 7.1 (a), the spectrogram of the vowel /i/, as spoken by a 
boy, shows the increase in harmonic spacing as Fq increased, and 
darkening of the harmonics as they passed through the Fj and F2  areas. 
The horizontal dashed lines are frequency-axis cursors placed at the 
estimated locations for the two formants. Figure 7.1 (b) shows the 
formant peaks marked by vertical cursors which were linked to the 
frequency-axis cursors of the spectrogram.
Figure 7.2 (a) shows the spectrogram for the vowel /æ / as sung by a 
girl. The averaged portion of the vowel, and the formant peaks, are 
shown in (b) with corresponding frequency-aligned cursors.
7.3 Results
Table 7.1 shows the mean F^  and F2  results for spoken and sung vowels 
for the whole group, and for the boys’ and girls’ groups separately.
The group average F^  and F2  results were analysed using a 4*2*2 
analysis of variance, with vowels and voice types as within-subjects 
factors, and sex as a between-subj ects factor. The results are outlined 
below.
7.3.1 Effect of vowel type
As can be expected, the shift in F, and F2  positions between vowels was 
significant to a high level for both F, (F(3,81) = 480.52, p < 0.001) and 
F2  (F(3,81) = 780.11, p < 0.001). There was no significant difference in
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(a) (b)
kHz 2
Figure 7.1 Data for the vowel I'll as spoken by a boy (a) spectrogram and (b) average 
spectrum. The vertical lines in (b) correspond to the horizontal lines in (a).
(a)
kHz
3
1
(b)
Figure 7.2 Data for the vowel /æ/ as sung by a girl (a) spectrogram and (b) average spectrum. 
The vertical lines in (b) correspond to the horizontal lines in (a).
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this effect between boys and girls as the mean difference between vowels 
was statistically the same for both groups (see Table 7.1).
all
mean sd
females
mean sd
males
mean sd
speech
æ Fi 904 89 917 85 880 96
F2 2013 239 2107 209 1834 190
u Fi 403 43 418 35 374 42
Fz 830 92 862 80 768 85
i Fi 379 44 387 49 362 29
Fz 2583 252 2623 289 2506 143
a Fi 948 116 967 117 912 110
Fz 1440 151 1480 147 1364 132
singing
æ Fi 817 113 840 102 774 124
Fz 1873 187 1948 136 1730 191
u Fi 381 44 397 42 352 32
Fz 910 92 939 72 854 102
i Fi 368 43 376 49 354 27
Fz 2689 249 2796 183 2486 237
a Fi 811 131 820 138 794 121
Fz 1395 152 1442 145 1306 130
Table 7.1 Mean frequency (Hz) and standard deviations for Fj and Fj for 
each o f four vowels across all subjects, and for female and male groups
separately.
7.3.2 Female versus male vowel production
All female mean F j and F2  values for speech and for singing were higher 
than those of the males. This finding was significant for F^  (F(l,27) = 
5.69, p = 0.024), and had even greater significance for F2  (F(l,27) = 
31.16, p <  0.001).
Similar to the statistical results for the effects of sex on vowel type, 
there was no significant interaction between sex and voice type. 
Therefore, although the centre formant frequencies were significantly 
different between boys and girls overall, the shifts in the positions of F^  
and F2  due to changes of vowel type or voice type were statistically the 
same for both sex groups.
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7.3.3 Spoken versus sung vowels
The singing task produced typically lower formant values in the whole 
group compared to the speech task. Fj values for all vowels were 
lowered during singing, as were F2  values for /æ/ and /a/. The difference 
in Fj values were statistically significant (F(l,27) = 39.30, p < 0.001), 
although the shift in F2  was not significant in these children’s 
productions. For the vowels /u/ and /i/, F2  was raised during singing. 
Thus, the effect of voice type was statistically different between vowels 
for both Fi (F(3,81) = 11.70, p < 0.001) and F2  (F(3,81) = 9.16, p < 
O.OOlf.
To demonstrate this effect. Figure 7.3 (a) shows the F^  values for 
sung vowels for individual subjects as a function of their Fj values for 
speech. Most points fall below the x=>> dashed line showing the greater 
values in speech than in singing for these individuals. Figure 7.3 (b) 
plots the F2  values for spoken and sung vowels. The increased or 
decreased values of F2  for individual subjects within each vowel type are 
evident.
Figure 7.4 plots the mean F 1 and F2  values for each vowel for 
speech (filled symbols) and singing (open symbols). As already 
mentioned, the differences between speech and singing were statistically 
the same for boys and girls. Thus, for the purposes of this comparison, 
male and female data are combined.
7.3.4 Inter-subject variability
Figure 7.5 shows the mean Fj and F2  positions, ± 1 standard deviation, 
for (a) speech and (b) singing in the present subjects^ In linear (Hz) 
terms, F2  produced greater variance in both speech and singing than Fj. 
Also, higher-frequency first or second formants produced a larger
 ^ The test for a sex difference in this respect was not significant for F,, but approached
the significance level for Fj (F(3,81) = 2.53, p = 0.064).
 ^ This and many o f the figures included in this section show either dashed or solid lines
between vowel formant values. These lines are intended as a visual aid only.
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standard deviation than lower ones; thus, as formant frequency increased 
so did variability between subjects.
3000
2500 --
_  2000
ë
i
S’
1500
1000
500
sp e e c h
o s in g in g
Figure 7.4 Mean o f Fj and Fj values for each vovyel as spoken (filled 
symbols) and sung (open symbols) by 1 1 -year-old children.
Expressed as a proportion of the formant frequency, standard 
deviations (sd) were around 11% for Fj and F2  of spoken vowels. Little 
difference was found between male and female subjects, or between 
vowels. When vowels were sung, the sd was 13% for Fj and 10% for F2  
across vowels and all subjects. Also, when singing, the open vowels /æ / 
and I d  produced greater standard deviations for Fj (15%) compared to 
the close vowels /i/ and /u/ ( 1 2 %), although this effect was not found for 
F2 .
7.4 Discussion
The significance of Fj and F2  differences for each vowel was not 
surprising as their relative positions reflect the phonemic distinctions 
between these vowels. As mentioned earlier, these vowels represent 
extremes of production in both physiological and acoustic terms. The 
vowels /i/ and /u/ can both be categorised as being close (the tongue is 
closer to the roof of the mouth, and the jaw is higher), and the vowels /æ/
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Figure 7.5 Mean F, (filled symbols) and Fj (open symbols) locations across 
subjects, and ± one standard deviation, for (a) spoken vowels and (b) sung
vowels
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and loi as open (both the jaw and tongue body are lower). Also, each 
vowel can be described in terms of whether the highest part of the tongue 
is towards the front (/i/ and /æ/) or the back (/u/ and loi) of the mouth.
Figure 7.6 plots F2  as a function of Fi for individuals for (a) speech 
and (b) singing. As can be seen, there was some overlap of formant 
frequencies between the two open vowels, particularly in singing. For 
both voice types, the overlap was of /æ/ for some males and loi for some 
females, meaning vowel categories remained distinct in terms of their 
acoustic properties within sex groups. Figure 7.6 (a) also plots the results 
from the Peterson and Barney (1952) study of vowel formants (shown as 
a bold line). Mean Fj versus F2  data for men, women and children from 
this earlier study are identified with a cross (x), with values for men being 
closest to zero and values for children being furthest from zero. The 
majority of subjects from the present study showed mean formant values 
which were generally lower than the means for children from Peterson 
and Barney (1952).
Lindblom and Sundberg (1971) used an articulatory model to 
derive a set of formants frequencies resulting from changes in lip shape, 
jaw height, tongue position and height of the larynx. Model simulations 
showed that jaw movement caused large shifts in F .^ Lowering larynx 
height, and increasing lip-rounding (and the concomitant increase in 
vocal tract length), both caused all formant frequencies to decrease. The 
F2  of back vowels was particularly sensitive to lip-rounding, and shifting 
the tongue body downward in the vocal tract caused F; to rise and F2  to 
fall in all vowels. Results suggested that the degree of openness of a 
vowel was optimised by jaw opening, and thus relative tongue height, to 
produce the desired area function.
Summarising the findings from this work and other studies, Baken 
(1987, p 364) listed the following physiological causes of a lowering of 
formant values: Fj falls when lip-rounding is increased, the tongue is 
raised (more close) for front vowels, the larynx is lowered, vocal tract 
length increases, and when jaw opening decreases; F2  falls when
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lip-rounding is increased, front vowels are more open, back vowels are 
more close, the larynx is lowered, and when vocal tract length increases.
The present results showed significant formant frequency 
differences overall for sex and for voice type. Some tentative 
suggestions are given below for the possible physiological causes of 
these findings.
7.4.1 Male-female differences
Formant frequencies were consistently higher in female than in male 
subjects which suggests the boys had longer vocal tracts than the girls. 
Although no height measurements were taken in the present study, 
Bennett (1981) found 7- and 8 -year-old boys were taller than girls of the 
same age and probably had longer vocal tracts.
p 2  of /æ/ for speech, and /æ/ and /i/ for singing, showed the 
greatest male-female difference in values. This finding could indicate the 
boys’ front vowels were typically more open than the girls’ front vowels. 
Comparisons with previous studies are discussed below.
Eguchi & Hirsh 
(1969)
mean formant frequencies (Hz) 
combined sd females sd males sd
æ Fi 678 115 736 141 620 89
F2 2165 112 2266 100 2063 123
u Fi 463 58 478 77 448 39
Fz 1431 118 1474 91 1388 145
i Fi 410 49 423 81 397 17
Fz 2956 139 3134 179 2778 99
a Fi 945 94 1005 150 884 38
Fz 1645 95 1752 53 1538 137
Table 7.2 Mean frequency (Hz) and standard deviations for F, and Fj for 
four vowels as measured in 11-year-old children by Eguchi and Hirsh
(1969).
Table 7.2 shows the mean Fj and F2  locations, and standard 
deviations, for four vowels (/æ/, /u/, /i/ and /a/) as measured for five boys 
and five girls, all speakers of American English and aged 11 years, by 
Eguchi and Hirsh (1969). The vowels were taken from short sentence
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production of words in a CV or CVC context. The vowel /a/ was taken 
from the first portion of the diphthong /ai/.
¥i values were similar for both studies, the only marked difference 
being that the vowel /æ/ has a lower Fj in the present data. F2  was 
substantially higher for all vowels in the American study. As was found 
in the present data, a comparison of male-female differences showed 
mean FI and F2  values were higher for girls than for boys. Figure 7.7 
compares the mean Fj and F2  values from the present study (filled 
symbols), with the data for 11-year-olds from the Eguchi and Hirsh 
(1969) study (open symbols).
3000
2500 --
-  -  O- -  F1 E&H
- -  O  -  F2 E&H
2000  -  -
c  1500 --
1000  - -
500 -
ae au
Figure 7.7 Comparison o f Fj and F2  locations for spoken vowels for 
1 1 -year-old children from the present study (filled symbols) and 
Eguchi and Hirsh (1969) (open symbols).
Some variation in vowel quality was likely between these two 
studies due to the different languages spoken by the two subject groups.
It would be impractical, therefore, to predict the exact causes of the F^  
and F2  differences found. However, the overall lower F 1 and F2  values of 
the Swedish children suggests they had longer vocal tracts than the 
American children. Also, the vowel /a/ (American data) is produced 
slightly more forward than /a/ (Swedish data) which would account 
somewhat for the rise in F2  of /a/.
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The standard deviations produced by the subjects in the Eguchi and 
Hirsh (1969) study were similar to those of the present data. However, 
while the present subjects showed little difference (around 1 1 %) in 
speech between vowels, formants or sex, the Eguchi and Hirsh subjects 
produced greater sd values for (13%) than F2  (6 %). Girls also showed 
evidence of greater variability in Fj values than boys, and Fj of open 
vowels tended to produce greater standard deviations than Fj of close 
vowels in both subject groups.
The comparison of greatest relevance to the present study is 
perhaps between male and female differences in formant data. 
Presumably, measurements techniques, and therefore the possibility of 
error, were the same between subjects in the Eguchi and Hirsh (1969) 
study. Thus, more convincing comparisons can be made of trends in 
differences, rather than absolute values, between groups. Fant (1966) 
described the percentage relationship (formant scaling) between the 
formant frequencies of males and females using the calculation formula:
K„ = (F„ female/Fn male -1) * 100
Fant thus determined that, in Swedish subjects, women’s formants were 
18% higher than men’s formants when averaged across Fj to F3 .
However, he also found the male-female differences were vowel-specific, 
being greater than average for Fj of very open front or back vowels, and 
less than average for F2  of rounded back vowels. Using data from 
another study (Peterson and Barney, 1952), Fant found that, in adults, 
American English vowels displayed the same category dependency as 
Swedish vowels, and that scaling of women’s to children’s formants 
came closer to a simple factor independent of vowel class' .^ A simple 
scale factor across age groups has, therefore, important limitations due to 
the increasing physiological differences between males and females as 
age increases. Of particular relevance is that the ratio of pharynx length
 ^ This finding was not fully supported by the F, data from Eguchi and Hirsh (1969) for
11-year-olds.
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to mouth cavity length is greater in adult males, and the laryngeal cavities 
are also more developed. Fant (1970) later detailed the relative 
dependency of formant frequencies on front (mouth) and back (pharynx) 
cavity dimensions. Using xero-radiographic evidence of the articulatory 
positioning of six Russian vowels, Fant calculated the vocal tract area 
functions for each vowel. By altering the cavity lengths, he concluded 
that Fj was generally dependent more on back than front cavity volume, 
whereas F2  appeared to be essentially determined by either back cavity, 
front cavity, or both, depending on the vowel.
Formant-scaling (F-scaling) calculations were made from data 
obtained for females and males for speech for each of the four vowels 
used in the present study. In this way, both Fj and F2  F-scaling was 
calculated. The data from studies of adults (Peterson and Barney, 1952; 
Fant, 1966; Eguchi and Hirsh, 1969) and of children (Eguchi and Hirsh, 
1969; Bennett, 1981) are included in the discussion below for the 
purposes of comparison with the speech data from the present study.
Figure 7.8 (a) shows Kj and K2  values derived from adult data.
The Eguchi and Hirsh adult data showed similar results, although was 
reduced and K2  greater overall, to those discussed by Fant. The average 
increase across formants for the four vowels compared here, was 15% 
(Fant, 1966), 18% (Peterson and Barney, 1952) and 17% (Eguchi and 
Hirsh, 1969).
Figure 7.8 (b) provides a comparison of the male-female F-scaled 
data from studies of children. Overall, the Kj and K2  values were 
reduced for the present study (9%) compared to the Eguchi and Hirsh 
children’s data (12%) and adult data scaling results. Only two vowels, /i/ 
and /æ/, were matched between the Bennett (1981) study and the other 
studies. The mean increase for both formants of these two vowels was 
9%.
The vowel-specific pattern of Kj values derived from the Eguchi 
and Hirsh (1969) boys and girls matched the scaling results of adults 
fairly closely, although percentages were lower. The present study.
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how ever, show ed  a m ore uniform  increase for Fj ( 7 % averaged across all 
vo w els), although /u / produced an increase greater than the average  
(12% ). The greater than average increase described by Fant (1 9 6 6 ) for F  ^
o f  open v o w els  w as not found in the present data. K 2  ( 1 0 %) w as greater 
than K i, and greatest for the front v o w els  /æ /  and /u/. T he opposite  
effects w ere found in the Eguchi and Hirsh children’s data w h ich  show ed  
sim ilar Kj and K 2  trends to the adult data. The Bennett (1 9 8 1 ) results 
m ost c lo se ly  m atched the Kj and K 2  values o f  the present study for /i/, 
and the Eguchi and H irsh (1 969) children’s data for /æ /.
F em ale-m ale F -scaling for sung v o w els  show ed  sim ilar results 
overall ( 1 0 % across formants and v o w els) to that o f  speech.
In summary, the present data show ed  som e ev idence o f  a v o w e l-  
dependent increase in Fj and F2  betw een  m ale and fem ale data, 
suggesting non-uniform  differences in  vocal tract d im ensions b etw een  
these boys and girls. H ow ever, the degree o f  increase per v o w e l w as not 
the sam e as seen  in the adult studies, nor in  a com parison w ith  the E guchi 
and Hirsh 11-year-old children’s data. The greater than average increase  
for Fi o f  open v o w els  occurring in adult data w as not found in  the present 
results.
Nordstrom  (1977) also conducted experim ents to sim ulate w o m en ’s 
and children’s vocal tracts from  adult m ale area functions usin g  
com puterised calculations from  reported anatom ical data. H e reported  
that anatom ical differences betw een  these groups on ly  partly exp la in  the  
formant differences found. Bennett (1 981) suggests the answ er m ay lie  
in  psycho-physio logica l aspects o f  speech production. M ales and  
fem ales m ay w ell adopt gender-specific articulatory behaviours to  further 
enhance sexual distinctions.
It is interesting that the Sw edish  children did not m ake the sam e  
sex-distinctions for v o w els  as found in the earlier studies. H ow ever, 
sim ilar to the present study, Nordstrom  (1977) found no sign  o f  the very  
high Ki for open front vow els, or the lo w  K, o f  c lo se  v o w e ls  predicted  by  
the Fant (1966) m odel for adult m ale-fem ale formant scaling. A lso ,
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children w ho have been  taught to sing as a group are perhaps m ore likely  
to produce vow els w h ich  are m ore hom ogeneous w ith in  each category.
Quite clearly, this rem ains a topic o f  great interest and im portance, 
and further research is needed to establish the underlying reasons for  
these anom alies.
7.4.2 Differences between speech and singing
R esults show ed that the v ow el contrasts m ade by these children during 
the speech task were significantly m odified  during the singing task.
W hile there w as a system atic decrease (greatest for open v o w e ls) o f  first 
formant frequency in all v o w e ls  w hen  singing, the shift in  F2  w as either 
positive or negative, according to whether open (F2  low ered) or c lo se  
v o w els  (F2  raised) w ere produced. Shifts in Fj and F2  have a lso  been  
found betw een the spoken and sung v o w els  o f  adult m ales (Sundberg, 
1974). The degree and direction o f  the shift w ere not a lw ays the sam e  
betw een adult and child data, although the singers in the Sundberg study  
w ere trained to a professional level.
F-scaling o f  the group m eans o f  the present data for speech  
com pared to singing show ed the formants for speech w ere 4%  higher  
than for singing overall, w ith  F  ^ show ing an increase (9% ) and K 2  
actually decreasing slightly overall (-0.5% ). A s m entioned earlier, F- 
scaling o f  m ale-fem ale formants for these children for singing produced  
results sim ilar to m ale-fem ale formant scaling for speech.
The F-scaling calculations for speech  versus singing (m ale and  
fem ale data com bined) show ed that the v ow el-sp ecific  pattern o f  increase  
w as similar, i f  less marked, to the F ant (1966) results for sex  d ifferences. 
In other words, the increases w ithin each v o w el category dem onstrated a 
trend for speech-singing scaling w hich  w as sim ilar to the trend for m ale- 
fem ale scaling in previous data; ie the greater than average increase in  Fj 
o f  open vow els described by F ant (1966). A s Fj w as greater in sp eech  
than in singing, but F2  w as not, the physio logica l cause is unclear. A  
low ering o f  the larynx during singing w ould  have resulted in  a low erin g
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o f  all formants (L indblom  and Sundberg, 1971). A  raised ja w  height 
w ould  result in  Fi being low ered but not F2 , although this seem s an  
u nlikely  finding in  experienced singers. The causes, therefore, are 
probably com plex. For exam ple, the larynx m ay have been  low ered  for 
singing, but the tongue could  have been p laced further back in  the 
pharynx during speech. W hatever the causes, the fact that the v o w e l-  
dependent d ifferences attributed to sex  in  previous studies w ere  
apparently attributable to a change o f  v o ice  type in this study rem ain  
unexplained.
It w ould  be o f  future benefit to m easure F3 and F4  o f  these  
children’s vow els. Bennett (1 9 8 1 ) found significant d ifferences in  these  
higher formants betw een 7- and 8 -year-old  boys and girls and referred to  
previous work (Peterson and Barney, 1952; and others) w h ich  noted  that 
the phonetic identity o f  v o w els  cannot alw ays be uniquely sp ec ified  on  
the basis o f  Fj and F2 , especia lly  w h en  a variety o f  subjects is  considered. 
Certainly, in  the present data there w as an overlap o f  F2  b etw een  the open  
v o w els  (although not w ith in  sex  groups), and the identity o f  th ese  and  
other v o w els  m ay w e ll be categorised m ore accurately by  their 
relationship to higher formants.
The range o f  frequencies not included in the Fq sw eep , ie betw een  
330 H z and 440  H z, m ay have produced errors in m easurem ents o f  F i for 
the v o w els  /i /  and /u/. H ow ever, u sing L indblom ’s (1 9 6 2 ) calcu lation  
(based on  harmonic spacing o f  110 H z) the lik e ly  error w as o n ly  ±  2 8  H z.
Pitch variation can have the effect o f  m odify ing  the articulatory 
positions in vow el production. It is b elieved  that this w as not an  
influential factor on  the results for these children as instructions w ere  
g iven  to retain v ow el quality, and particular attention w as paid to  
evidence, both acoustic and perceptual, o f  changes in quality in  the  
portions o f  w aveform  analysed. A lso , the subjects w ere experienced  
singers and retaining vow el quality across a w id e range o f  p itch es form s 
an integral part o f  good  singing practice.
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Chapter Eight
8. Conclusions
8.1 Introduction
A s described in Chapter 1, the m ain aim s o f  the research w ere (a) to  
evaluate the applicability o f  standard or m odified  analysis m ethods for 
use w ith  children, (b) to describe children’s v o ices  in terms o f  v o ice  
source and formant frequency characteristics using acoustic and 
aerodynam ic m easurem ent techniques, (c) to com pare the findings 
b etw een  boys and girls, and (d) to com pare results for children w ith  those  
previously found for adults. C om bining the evidence resulting from  the  
three experim ents, it is possib le to assess the consistency o f  findings and 
to draw the conclusions in response to the questions in (b), (c) and (d) 
above. H ow ever, a basic question before considering these aspects 
concerns the applicability o f  the analysis m ethods, all o f  w h ich  w ere  
originally developed for adult m ale vo ices.
8.2 Applicability of measurement methods
The v o ice  derives its characteristics from  voca l fo ld  vibrations and voca l 
tract resonances, acoustically m anifested in terms o f  the v o ice  source and  
the formant frequencies, respectively. The v o ice  source characteristics 
are dependent upon the subglottal pressure driving the vocal fo ld  
vibrations as w ell as glottal adjustments. H ence, a m eaningful analysis  
o f  the v o ice  source needs to take account o f  variation o f  subglottal 
pressure, ie variation o f  vocal loudness. To gain inform ation on  these  
aspects o f  vo ice , three traditional acoustic and aerodynam ic analysis
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m ethods w ere used. The m ethods w ere LTA S analysis, inverse filtering  
o f  the oral f lo w  w aveform , and formant frequency analysis. A s  explained  
earlier, the suitability o f  these m ethods for use w ith  children’s v o ices  w as  
an aspect o f  the research question as, in  the past, they have been  
associated  w ith  certain problem s. Certain m odifications o f  the standard 
test procedures w ere therefore m ade and evaluated. The valid ity  o f  the 
results o f  each experim ent w as dependent upon the reliability and 
efficacy  o f  each m ethod used. A s w ill be explained b elow , there are 
strong reasons to b elieve that such reliability and efficacy  w as achieved. 
H ence, the results can be considered to be a realistic representation o f  the 
v o ice  characteristics o f  1 0 - and 1 1 -year-old  children.
8.2.1 Choice of subjects
A s highlighted, the ch oice o f  subjects w as important to the applicability  
o f  the m ethods used. The uniqueness o f  the design  o f  each o f  these  
experim ents w as principally in the selection  o f  ch ild  subjects w h o have  
special experience in v o ice  control and in  the u se o f  p itch  g lid es during  
v o w el production as required for formant frequency analysis in  
Experim ent 3. T hese aspects are d iscussed  in the sections b e lo w  as they  
relate to the success, or otherw ise, o f  the m ethods used  in  each  
experim ent.
It could  be argued, how ever, that the findings cannot easily  be  
related to the vocal activities o f  w estern children in  general, m ost o f  
w hom  do not p ossess the sk ills o f  these m ore experienced singers. T his 
is an important question, and one w hich  requires som e consideration.
A s highlighted by the d iscussions in previous chapters, relatively  
little is know n about children’s v o ice  characteristics, h o w  they  d iffer  
betw een  sexes, or h ow  they com pare to those o f  adults. A natom ical 
grow th is rapid from infancy to adult maturity, and undergoes periods o f  
increased developm ent w hich  are often  different betw een  structures. It is 
still unclear h ow  developm ent, and the varying and incongruous rates o f  
grow th affect production. There are thus m any questions still
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unanswered, and investigations o f  the developm ental aspects o f  v o ice  
production continue to uncover m any factors o f  interest to scientists, 
clin icians and singing pedagogues. A lthough the subjects used in the 
present investigations w ere experienced singers, there seem s to be no  
reason to doubt that they w ere typical o f  children o f  this age, being drawn 
from  normal school populations in the U K  and Sw eden. M oreover, they  
w ere not ‘trained’ in a professional sense but su fficiently  experienced to  
be able to exhibit an appropriate amount o f  control and consistency in  
their singing.
It is fundamental to the study o f  children’s v o ices  to establish  
normal values. N orm ality is often  d ifficu lt to define and what is 
considered normal tends to be som ew hat subjective. But it is 
unquestionably normal for children to have smaller, less mature voca l 
structures than adults, and the question asked by this experim ental 
research w as in relation to h ow  a sm aller and immature v o ice  organ  
affects v o ice  production. The results o f  the present experim ents have  
provided evidence in answer to this question. B y  choosing  sk illed  
singers as subjects, a system atic control w as gained o f  the tw o m ain  
phonatory parameters under investigation, p itch and loudness, and 
arguably this increased the reliability o f  the results.
N orm ative data provides a cornerstone on  w hich  to evaluate or 
predict the various acoustic outcom es existing betw een  subject groups. 
The present results go som e w ay towards increasing our k now ledge o f  
children’s normal vocal behaviour, and they also provide a source o f  
inform ation regarding sex  d ifferences in children. C onclusions can thus 
be drawn in a number o f  directions. For exam ple, the findings describe  
characteristic differences betw een b o y s’ and girls’ v o ices  and betw een  
those o f  adults and children.
Formant frequency differences found betw een speech  and singing  
revealed that these tw o activities w ere som ew hat different betw een  these  
children, at least in terms o f  vocal tract configuration, although the 
formant frequency differences are not as great as those found in adult
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m ales (Sundberg, 1974). This finding is o f  particular interest to those  
concerned w ith  children’s singin g  developm ent and training. It could  
signal that singing produced results w h ich  w ere sign ificantly  different 
from  those w h ich  w ould  be found for speech, at least in  these sk illed  
subjects. Som e inform ation on  this issue can and has been  gained from  
com parisons w ith  findings from  investigations o f  children’s speech. 
H ow ever, conclusions regarding d ifferences betw een  speech  and singing  
should preferably be based on  w ithin-subject com parisons. For reasons  
o f  experim ental lim itation, such com parisons w ere realised w ith in  the  
present research on ly  w ith  regard to the formant frequency analysis and  
to a w ithin-subjects com parison. A lso , tim e constraints lim ited  the 
LTA S analysis to sung versions o f  the song only. H ow ever, w ith  
k now ledge at its present stage, the effects o f  p itch  and loudness variation  
seem ed  m ore relevant than phonatory d ifferences betw een  sp eech  and 
singing.
8.2.2 LTAS analysis
A veraging o f  the am plitude spectra obtained from  a longer sam ple o f  
speech  or singing a llow s for observation o f  the long-term , persisting  
v o ice  characteristics o f  individual speakers. B y  providing a tim e-  
averaged analysis o f  the data, involv in g  variation o f  Fq, the result is  a 
‘sm oothed’ spectral contour w h ich  is relatively unaffected  by the  
problem s associated w ith  w id e harm onic spacing. L T A S w as considered  
particularly suitable as a m ethod o f  evaluating children’s v o ice s  for this  
reason and also because the techniques involved  w ere n on -in vasive  and 
the tasks sim ple for children to perform. The m ethod used  in  
Experim ent 1, including the ch o ice o f  sk illed  subjects and a sin g in g  task, 
proved an efficient m eans o f  (a) observing the spectrum  effec ts o f  
loudness variation, and (b) evaluating the differences in th ese  effec ts  
betw een  boys and girls.
The relevance o f  m ethods used  to m easure overall spectral tilt 
needs som e discussion, how ever. A nalysing  adult v o ices , L ofq v ist and
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M andersson (1987) com pared energy above and b elow  1 kH z w ith  
significant results, as they had found the L T A S am plitudes o f  w om en ’s 
speech  to be significantly greater at around 3 kH z due to aspiration noise. 
U sin g 1 . 6  kH z as the divid ing frequency M endoza and V alencia  et al 
(1996) found sim ilar results also w ith  an adult sam ple. E ven  though  
there w ere clear differences in the energy distribution betw een  b o y s’ and 
girls’ data, the present LTA S results show ed no significant d ivid ing  
frequency. The failure to demonstrate this sex  difference statistically w as  
probably because an upper and low er frequency ratio is too coarse a 
m ethod o f  analysis.
The choice o f  sk illed  singer subjects su ccessfu lly  helped to avoid  
any extrem es o f  pitch variation during soft or loud v o ice  production  
w hich  m ight have influenced the results. In other words, it w as p ossib le  
to be confident that variations observed in the spectrum envelope  
betw een conditions w ere due to intensity variation and not to pitch  
differences w hich  are likely  to accom pany differences in  voca l loudness  
in  subjects w ith  little singing experience. Preservation o f  the pitch  
content over loudness variation w as achieved by  presenting each  subject 
w ith  a starting tone for the song. A lso , singing a short previously-leam ed  
song w as a relatively straightforward task for these subjects.
Varying the loudness o f  production also proved unproblem atic w ith  
these subjects. The desired loudness variation w as obtained by the u se  o f  
descriptors such as ‘sing as i f  you  are singing a  lu llaby’ or ‘sing  loud ly  as 
w e w ould  in church’, and the sam e words w ere produced by all subjects 
under all loudness conditions. The task o f  singing the sam e son g  under 
these three loudness conditions turned out to be quite sim ple for all 
subjects, including the boys w ho w ere judged  at the tim e o f  recording to  
be slightly  less skilled than the girls. This subjective finding su ggests  
that the task could also be quite easily  achieved by children w ith  little  
singing experience across a w id e age-range.
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8.2.3 Inverse filtering of the flow waveform
F lo w  glottography is a relatively non-invasive m eans o f  obtaining  
inform ation on  the v o ice  source w h ich  has proved effec tiv e  for u se w ith  
children (Stathopoulos e /a / ,  1993b; 1994; 1997). In the present study, 
all but one o f  29  subjects m aintained the necessary tight seal betw een  
m ask and face during syllab le production using a com m ercially-availab le  
m ask for children.
Experim ent 2  demonstrated that the process o f  m anually inverse  
filtering the oral f lo w  w aveform  w as relatively an uncom plicated , i f  tim e- 
consum ing process for all productions o f  the syllable [pa:] produced at a 
fundam ental frequency o f  330  H z or low er. A ttem pts to filter higher- 
pitched phonation w aveform s (440  H z and above) w ere unsu ccessfu l, 
how ever, as the frequency o f  the first partial, F q , w as too  c lo se  to that o f  
the first formant, Fj. The proxim ity o f  Fq to F  ^ causes problem s in  
inverse filtering w hich  also occurs w ith  adult v o ices , and is  m ost often  
encountered in fem ales (Fant, 1993). It m ight be p ossib le  to  com plem ent 
flo w  glottogram s derived from  h igh  Fq productions w ith  a 
sim ultaneously-recorded EG G  signal in  order to help  establish  op en  and  
closed  phases (Hertegârd and G auffin, 1994), but this has y et to be tested  
in  children. Hertegârd and G auffin found a source-filter interaction at 
very h igh  fundamental frequencies, ev idenced  by  ripples in  the inverse  
filtered w aveform  during the open  phase, in  the flo w  w aveform s o f  a 
professionally  trained soprano. This phenom enon w as not seen  in  the  
present data but should be looked  for w hen  investigating ch ildren’s 
v o ices  also, particularly at h igh  fundam ental frequencies.
Finally, as subjects w ere required to produce sy llab les u sin g  m id , 
soft and loud v o ice  at each o f  three different pitches, the u se o f  singers as 
subjects w as again o f  benefit to the investigation. It should  be  
questioned, therefore, i f  flo w  glottography is a practicable m ethod  for u se  
w ith less-sk illed  children. The key to answ ering this question  lie s  in  the  
ability o f  the subjects to perform the tasks set by the investigation . T hey  
need both to understand what is being asked o f  them  and to dem onstrate
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a consistency o f  behaviour in their responses. Another consideration is 
that, in  less-sk illed  subjects, an increase in vocal intensity tends to result 
in  an increase in Fq (T itze, 1989a; Stathopoulos and Sapienza, 1993a). 
T itze (1994) has further suggested  this m ay be an even  greater factor in  
children’s than adults’ phonations. G iven that p itch and loudness  
variation independently show ed significant effects on  the glottal 
w aveform s o f  these subjects, it is evident that Fq and intensity o f  
phonation are important considerations in the design  o f  investigations. It 
should be remem bered that F q variation in these experim ents w as sm all, 
how ever.
8.2.4 Formant frequency analysis
The established m ethod o f  formant frequency analysis o f  v o w e ls  usin g  a 
sustained Fq is generally impractical for use w ith  the higher-pitched  
v o ices  o f  children. Therefore, Experim ent 3 applied a m od ified  m ethod  
o f  obtaining formant frequency data from  children. The subjects w ere  
asked to produce v o w els  w ith  a rising pitch glide rather than a steady F q 
thereby circum venting the problem  o f  poor formant defin ition  associated  
w ith  wide-harm onic spacing.
This m odified  m ethod provided clearly-defined formants as their 
centre frequencies w ere enhanced by at least one partial over tim e. The  
result w as to provide clear indications o f  F  ^ and F2  locations v ia  the 
spectrographic and average-spectrum  displays. The m ethod proved  
successfu l both as a singing and a speaking task for these children. The  
question remains, how ever, o f  the ability o f  less-sk illed  children to  
produce pitch-varying v o w els  w ithout changing vow el quality through  
changes in articulation and larynx height. This is perhaps m ore lik e ly  to  
be achieved i f  the pitch glide is w ith in  a sm all Fq range. T he draw back o f  
this condition, how ever, is that a sm all ‘m ovem ent’ o f  partials w ou ld  
cover an insufficient range o f  frequencies to fu lly  define the form ants.
A s an alternative, therefore, it m ight be p ossib le to com bine this m ethod  
w ith  another, such as dual-channel electroglottography (R othenberg,
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1992). In this w ay, changes in vertical larynx p osition  and fundam ental 
frequency can be sim ultaneously recorded during the production o f  a 
glide, and real-tim e visual feedback o f  changes in  larynx height m ight 
assist the subject’s control o f  the necessary voca l m echanism s.
O verall, it seem s pitch g lide production has offered a prom ising  
m ethod o f  identifying the formant frequencies o f  children’s v o w els . It 
w ould  be w orthw hile, therefore, attem pting som e experim ental w ork in  
this direction w ith  less-sk illed  children.
8.2.5 Summary
The investigations have dem onstrated the effectiven ess o f  usin g  standard 
acoustic and aerodynam ic m easurem ent m ethods w ith  children’s v o ices  i f  
they are m odified  to circum vent som e o f  the d ifficu lties norm ally  
associated  w ith  analysis o f  children’s v o ices. It can be concluded, 
therefore, that the m odifications to the standard experim ental designs  
w ere successfu l in  providing realistic data. This has led  to con fid en ce in  
the reliability o f  the present results. The speech  and singin g  tasks w ere  
w ell w ith in  the capabilities o f  these experienced subjects, but questions  
regarding the suitability o f  these m ethods as applied to less-sk illed  
children are yet to be explored fu lly . It seem s realistic, how ever, to  
expect that further sim ple m odifications cou ld  be beneficia l in  reducing  
the likelihood  o f  error in m easurem ent even  further. This w ou ld  a llo w  
for a w ider age-range o f  children, at various stages o f  developm ent  
(including degrees o f  singing ability), to be included in  investigation  o f  
children’s vo ices.
8.3 Comparison of results
The discussions included w ith  the experim ents reported in  Chapters 5, 6  
and 7 have considered the findings (a) for ev idence o f  d ifferences  
betw een boys and girls, (b) w ith  regard to the ex isting  k n ow led ge o f  
adult v o ice  characteristics, and (c) in light o f  previous stud ies o f
172
children’s vo ices. The d iscussion  presented in this section  focuses on  the 
com bined results o f  these experim ents, the trends w hich  are evident in  
the data, and the conclusions w h ich  can be drawn or attempted  
particularly w ith  respect to fem ale-m ale differences in children. For this 
purpose, it has been necessary to look  once m ore at som e o f  the findings  
already discussed  in previous chapters.
Table 8.1 presents, in  schem atic form, a com parison o f  results from  
the present investigations w ith those o f  previously published studies. The 
left-hand colum n lists previously-found attributes w hilst the three right- 
hand colum ns are marked w ith ticks to indicate whether the results o f  the 
present study o f  children agreed or disagreed w ith  these earlier findings, or 
that the opposite relationship w as found. Significant (p <  0 .05) findings in  
the present data are marked w ith asterisks, otherwise the tick denotes a 
general trend in the data. It should be remembered, however, that w hilst 
the m ethods o f  evaluation are similar betw een the present study and others, 
the parameters were not alw ays the same.
B y  and large, the findings firom the present studies agreed w ith  
those previously published. D isagreem ent w as found on ly  in  s ix  out o f  
the 24  com parisons listed and, o f  these, opposite findings w ere observed  
in  tw o cases. This im plies that children’s v o ices  sh ow  m any sim ilarities  
w ith  those o f  adults. M ore importantly, m any earlier observations on  
subglottal pressures and closed  quotients in  children’s v o ices  w ere  
sim ilar to those found in the present research. This offers further support 
to the idea that studies o f  normal children’s v o ice  characteristics can be  
derived effectively  from young singer subjects. A n  apparent 
contradiction to this is, how ever, that Stathopoulos and Sapienza (1 9 9 7 )  
state they did not find a significant increase in closed  quotient w ith  
increased intensity for children and w om en, but did so for 14-year-old  
b oys and m en. H ow ever, the present study and the Stathopoulos and 
Sapienza (1997) study used different m ethods o f  determ ining the c lo sed  
portion o f  the w aveform  m aking com parison o f  results d ifficult. Table  
6.16  show s that their closed  quotient findings for adults did not m atch
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those o f  other studies either {ie H olm berg et al, 1988; 1994; 1995). 
T hese d ifferences m ay have resulted from  the different m easurem ent
Previous findings
GENERAL VOICE SOURCE ATTRIBUTES IN ADULTS:
adults use  lower subglottal pressures than children 
adults have larger closed quotients than children 
subglottal pressure increases with increased loudness 
subglottal pressure does not clearly vary with pitch 
H1-H2  d ecreases from soft to loud voice production 
H1-H2  increases with increased pitch 
AC flow amplitude increases with increased loudness 
pitch variation h as little effect on AC flow 
closed quotient increases with louder voice production 
closed quotient d ecreases with increased Fq
MALE-FEMALE VOICE SOURCE DIFFERENCES:
DC flow amplitude d ecreases with increased loudness in m ales
DC flow decreases with increased loudness in females
DC flow amplitude increases with increased pitch in m ales
DC flow amplitude is unaffected by pitch variation in fem ales
greater AC flow amplitude in m ales
greater DC flow amplitude in females
closed quotient greater in m ales
more symmetrical vocal pulses in females
greater subglottal pressures in m ales
greater H1-H2  difference in females
MALE-FEMALE FORMANT FREQUENCY DIFFERENCES:
formant frequencies are higher in females 
steep er spectrum  slope in females 
higher overall sound pressure levels in m ales
LTAS EFFECTS OF LOUDNESS INCREASE:
higher partials gain more than lower partials in adults voices
Presen t findings
findings findings opposite
agree disagree effect
y
y
y*
y
y*
✓
y
/
V '*
y
y
y
V'*
y
y
y
Table 8.1 Schematic comparison o f results from previous investigations 
with those o f the present research. Ticks marked * denote a significant 
difference (p < 0.05). (For reasons o f space, references are not included in 
the table; they can be found in Chapters 5 ,6 , and 7.)
m ethods used, but it is clear from  the table that there w as a tendency for 
Qci values to rise w ith increased loudness in all studies.
8.3.1 Glottal leak
A  particularly interesting finding is that in  the present study glottal leak, 
as evidenced  by a clear D C  flo w  am plitude, w as sign ificantly  greater in  
boys than in girls. Stathopoulos and Sapienza (1993b; 1997) do not 
report m inim um  flo w  m easurem ents for their subjects and so .
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unfortunately, no com parison can be made w ith  results from  their studies 
o f  children. H ow ever, M cA llister et al (1994) found greater ev idence o f  
incom plete glottal closure in  boys than girls. The research results for  
adults (H olm berg et al, 1988; 1994; 1995) appear to be inconclusive in  
this respect. C om m on educational and vocal experiences m ight be 
expected  to produce com m on vocal behaviours or qualities in  children, 
not least i f  the children are used  to singing together. Incom plete glottal 
closure leads to a leakage o f  air through the glottis during the tim e the 
vocal folds are in contact. It has been demonstrated w ith  adult subjects 
that this can result in  an increase to the perceptually breathy quality o f  the 
v o ice  (Fritzell et al, 1986, Sôdersten and Lindestad, 1990). It is  possib le, 
therefore, that these boys increased glottal leak to m atch m ore c lo se ly  the 
real or supposed perceptual breathiness o f  g irls’ vo ices. Sim ilarly, the  
girls m ight have decreased the amount o f  leak  in their v o ices. H ow ever, 
M cA llister et al (1994) found no obvious link betw een incom plete glottal 
closure and the perception o f  breathiness in  either b o y s’ or g ir ls’ v o ices.
It m ay sim ply be that b o y s’ vocal behaviour is  different from  that o f  girls, 
at least w ith in  this age-group.
In adults, greater D C  flo w  can be expected  to result in  a  steeper  
source spectrum slope, an increase in H 1-H 2  and a shorter c lo sed  phase in  
the glottal flo w  w aveform  (B ick ley , 1982; H olm berg et al, 1988). 
C onsequently, it w as expected  that the b o y s’ data w ould  dem onstrate  
these findings also com pared to the g irls’ data. Com parison o f  the 
present data in fact revealed a slightly greater H 1-H 2  d ifference for girls 
than for boys, and closed  quotient and spectral tilt w ere sim ilar betw een  
sexes. H ow ever, H 1-H 2  w as greatest for all children in so ft v o ice  
production and decreased w ith  louder phonations. A s the b oys used  
slightly  greater subglottal pressures than girls, the H 1-H 2  d ifference in  
their productions could be expected  to be lower. W hatever the causes, 
the findings suggest that the acoustic m anifestation o f  a g lottal leakage  
differs betw een adults’ and children’s vo ices. This m ay be due to  the 
difference betw een adult and child vocal fold  m orphology. A lso , unlike
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m en and w om en  (H olm berg et al, 1988; 1994; Sôdersten and Lindestad, 
1990) and the boys in the present study, the girls show ed  no greater D C  
f lo w  w ith  soft v o ice  use com pared to m id  or loud vo ice . T his finding, 
and those m entioned above, are not easy  to interpret but perceptual 
studies m ight be usefu l in  shedding som e light on  these d ifferences.
8.3.2 Closed quotient
C losed  quotient, w h ich  w as low er for soft v o ice  than for loud  v o ice  in  all 
children, w as sim ilar for boys and girls. This finding is contrary to  that 
for adults w h ich  has show n that the closed  phase is greater in  m en  than in  
w om en. H ow ever, direct com parison w ith  previous data on  c lo sed  
quotient is d ifficu lt because o f  different definitions.
C losed  quotient should be related to harm onic overtones and,
, indeed, the LTA S spectral slope w as statistically the sam e for both  sexes. 
N evertheless, the b o y s’ data appeared to have greater energy in  the F 3 
region. A n  energy increase in this region is associated  w ith  breathy v o ice  
quality (Klatt and Klatt, 1990; M endoza, V alencia  et al, 1996), although  
both increased loudness and the singer’s formant (Sundberg, 1974) w ou ld  
also produce this spectrum effect.
W ith respect to breathy v o ice  quality, the present results sh ow ed  no  
clear evidence o f  differences betw een  boys and girls for c lo sed  quotient, 
H 1-H 2  or spectral tilt. It is som ew hat surprising, therefore, that the b oys  
dem onstrated such h igh  m inim um  flo w  values. A n  explanation  cou ld  be  
the reported vertical p iston-like m ovem ent o f  the g lottis w h ich  has been  
found to increase m inim um  flo w  m easurem ents by  up to 2 0 -3 0  m l/sec  in  
adult m ales w ith  full glottal closure (Hertegârd et al, 1992). It is  p ossib le  
that such a piston m ovem ent w as greater in these b oys than in  the girls.
A  further consideration is that the subject groups in  the L T A S and in  the  
v o ice  source studies w ere different. This could  explain  the d iscrepancies  
w hich  ex ist betw een the findings from each study, but not th ose  w h ich  
are apparent w ithin the vo ice  source study.
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8.3.3 LTAS energy curves
Clear differences betw een boys and girls w ere found in the L TA S energy  
distribution, as has been show n in Figure 5.1. Yet, w hen  the am plitude 
ratio o f  higher to low er frequency ranges w as calculated in  the usual w ay, 
the spectral tilt revealed no corresponding difference. A s m entioned  
above, this traditional m ethod appears too coarse to be adequate: the 
energy ratio betw een tw o frequency ranges does not accurately describe  
the essence o f  an L TA S contour. For exam ple, m ean energy w ith in  these  
ranges w as found to be sim ilar for b oys and girls but the distribution  
w ithin  each range m ay not have been. This area certainly needs to be  
investigated  further.
A  m ore effective w ay o f  studying the LTA S contour is  w ith  respect 
to the gain  in sound level. A s overall sound lev el increased, the dB gain  
w ithin  each frequency band w as calculated. The resulting gain  factor  
curves show ed significant d ifferences betw een  boys and girls. T em strom  
(1993), apparently being the on ly  previous researcher to have  
investigated  this aspect, reported sim ilar observations betw een  adult, 
youth and boys choirs (and betw een  different room  acoustics) although  
the variation w ith  frequency w as different from  the present findings. It 
seem s likely  that these gain curves reflect perceptually-relevant v o ice  
timbre characteristics. In any event, these results indicate that 
com parison betw een spectra recorded at differing vocal loudness lev e ls  is  
hazardous.
A  sim ilar question relates to glottal pulse am plitude and its c lo se  
relationship w ith  the am plitude o f  the v o ice  source fundam ental 
(Sundberg and Gauffin, 1979). A s previously found for adults, A C  
am plitude increased w ith  vocal loudness in all children and w as  
significantly larger in boys than in girls. Yet, the H 1-H 2  d ifference  
tended to be sm aller in the boys, although this m ay be accounted for  
som ew hat by the tendency for boys to exhibit greater subglottal pressures 
than girls at all loudness levels. A  stronger fundam ental should  appear as 
a higher level in the corresponding frequency range o f  the L T A S but.
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once again, no clear sex  differences o f  this kind w ere observed. It m ay  
be relevant that these data w ere obtained from  different groups o f  
subjects, and it w ould  be interesting to derive these m easures from  one  
group o f  children.
8.3.4 Formant frequencies
Chapter 7 d iscussed  the significant differences in formant frequency for  
boys and girls. W hen com paring these findings to the results o f  the 
LTA S analysis, it is apparent that sex  differences in L T A S peaks support 
the formant frequency findings and provide evidence o f  the upper 
formants also being higher for girls. Experim ent 3 show ed  and F 2  
w ere higher for girls and, as this w as m ost likely  due to shorter voca l 
tracts than b oys, g irls’ upper formants should also be at a higher  
frequency (L indblom  and Sundberg, 1971). The hypothesis that the  
vow el-dependent degree o f  d ifference w as due to sex -sp ec ific  articulatory 
behaviours and vocal tract length in  these children is in  agreem ent w ith  
the LTA S curve for the frequency bands 750  H z to 1.5 kH z w h ich  w as  
con vex  for girls and concave for boys. The L TA S lev e ls  in  this 
frequency region depend on  Fj o f  v o w els  such as /æ /  and lo i and on  F 2  o f  
v o w els  like /u / and loi. A lthough these sex  d ifferences m ight appear 
sm all in  the LTA S curves, they m ay still produce perceptible tim bre  
differences.
Com parison w ith previous m easurem ents o f  child  v o ice  form ant 
frequencies published by Eguchi and Hirsh (1969) and Peterson and  
Barney (1952) show ed certain discrepancies. T hese discrepancies, 
how ever, seem ed to originate, at least in  part, from  language d ifferences. 
Furthermore, the standard deviations across subjects for Fj w ere  
considerably sm aller than those found by Eguchi and Hirsh.
Formant frequency d ifferences can be efficien tly  com pared in  term s 
o f  ratios. A veraged across v o w els  and formants, the fem ale-to-m ale F- 
scaling w as around 9% for both spoken and sung vow els. T he E guchi 
and Hirsh (1969) data for children show ed  a slightly  higher value o f  12%
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for the sam e four vow els. It is p ossib le that the present singer children  
form ed a m ore hom ogeneous group. The corresponding F-ratios for the 
sam e vow els as spoken by adults is considerably higher at around 17%  
(Peterson and Barney, 1952; Fant, 1966; E guchi and Hirsh, 1969). This 
observation is not surprising as the d ifferences in vocal tract d im ensions  
are greater betw een m en and w om en  than betw een  boys and girls. The  
vow el-dependent d ifferences w ere also m uch sm aller for children than  
for adults, but this finding is not so easily  explained.
A  com parison betw een  spoken and sung v o w els  dem onstrated that 
averaged across boys and girls and across v o w els , formants w ere 4%  
higher overall in  speech. Fj w as 9% higher in speech, w hereas F2  
actually decreased slightly  (-0.5% ). The F  ^ and F2  d ifferences w ere  
vow el-dependent, how ever. Fj tended to be higher in all spoken v o w e ls , 
w h ile  F2  tended to be higher in  speech  for /æ /  and /a /  but low er for /u / 
and /i/. Corresponding com parisons o f  adult professional singers have  
show n a clearly different pattern (Sundberg, 1974). This appears to  
reflect the fact that the vocal technique o f  children differs substantially  
from  that o f  adults.
A n  interesting sim ilarity existed  in  the F-scaling v o w e l d ifferences  
betw een m en and w om en  on the one hand and betw een the children’s 
spoken and sung v o w els  on  the other. W hen the children w ere speaking  
com pared to singing, their K i and K 2 values differed by v o w e l in  the  
sam e w ay as K i and K 2  values differed by v o w e l betw een  adult fem ales  
and m ales in  earlier studies. In the latter case the difference has been  
explained som ew hat by the proportionally shorter fem ale pharynx length. 
I f  this explanation can be applied also to the children’s speech  and  
singing, F2  o f  /i/  should be higher in speech, but the opposite d ifference  
w as observed.
The findings also suggest som e anatom ical d ifferences b etw een  
these boys and girls. For instance, the b o y s’ low er formant frequencies  
could have resulted from longer vocal tracts. Bennett (1 9 8 1 ) provided  
sitting and standing height m easures w hich  show ed boys w ere p h ysica lly
179
larger than girls even  at the age o f  7 to 8 years. H ow ever, as m entioned  
in Chapter 3 above. K ing (1952) reported, from  anatom ical studies, a 
slight vocal tract grow th spurt in  children w h ich  is prepubertal in  fem ales  
and postpubertal in  m ales. H eight m easurem ents o f  subjects m ay be o f  
benefit to future studies as an indicator o f  the d ifference in  voca l tract 
length betw een  individuals. A lso , the onset o f  puberty m ay be signalled  
by increased grow th rates (M cA llister et al, 1994).
O f interest also is a com parison o f  the formant frequencies obtained  
from  the spectrographic analysis o f  Experim ent 3 w ith  th ose derived  
from  the inverse filtering procedure o f  Experim ent 2. T he v o w e ls  lo i and 
/æ /  w ere produced by the sam e group o f  children in  both s tu d ie s \ A s  
Experim ent 2  called  for the subjects to use a singing v o ice , the results 
have been com pared on ly  to the formant frequencies for the sung version  
o f  lo i and /æ /  from  Experim ent 3. The result w as that both and F2  o f  
both v o w els  w ere consistently higher in  the formant frequency  
experim ent than w hen  measured by inverse filtering. O nce again, 
form ant-scaling has been  used to demonstrate the d ifferences.
Table 8.2 show s the results o f  a form ant-scaling (and standard 
deviation) percentage calculations betw een  the tw o independently- 
derived sets o f  formant frequencies from  the tw o sung v o w e ls . A cross  
subjects and both formants, the difference in  formant frequency w as  
around 7% and 23%  higher in Experim ent 3 for lo i and /æ /, respectively . 
The differences w ere, how ever, m uch greater for F2  than for Fj. 
Exam ining the differences betw een  sexes, the formant d ifferences for 
both v o w els  w ere consistently greater for girls than for b oys. A  general 
low ering o f  formants can be explained by  the effective  lengthen ing o f  the 
vocal tract due to the addition o f  the pneum otachograph m ask  (Hertegârd  
and G auffin, 1992). A s g irls’ vocal tracts w ere apparently shorter than
The principal aim of the present investigation was to provide data on the voice source 
characteristics o f children during vowel production. For this purpose, and to match data from 
earlier studies, results were derived from the vowel loi. The subjects were also asked to produce 
the vowel /æ/, however, for a planned later comparison and the waveforms were also inverse 
filtered. As mentioned in Chapter 6, these waveforms will be analysed and reported on at a later 
date.
1 8 0
those o f  the boys, the m ask w ould  have a proportionately greater effect 
on the g irls’ than the b o y s’ formants. A lso , the different m easurem ent 
m ethods account for som e difference in  results. Inverse filtering provides 
a m ore reliable formant frequency estim ation (although lim ited to v o w els  
w ith  a h igh  F J  com pared to spectral analysis and w id e harm onic spacing. 
This fact also explains the greater standard deviations during formant 
frequency analysis. The d ifferences betw een  v o w els  and betw een  F  ^ and 
F2  rem ain unexplained, how ever.
Mean formant frequencies (and standard deviations)
Expt 
2 or 3 ALL FEMALES MALES
3
a
Fi 811 (131) 820 (138) 794 (1 2 1 )
2 796 (76) 792 (82) 805 (67)
3 F2 1395 (152) 1442 (145) 1306 (130)
2 1249 (115) 1286 (106) 1178 (1 0 0 )
æ
3 Fi 817 (113) 840 (1 0 2 ) 774 (124)
2 744 (69) 748 (61) 736 (84)
3 Fz 1873 (187) 1948 (136) 1730 (191)
2 1370 (169) 1402 (166) 1309 (166)
Mean percentage formants and sds higher in Expt 3 than Expt 2
Expt
2 or 3 ALL FEMALES MALES
a f 1 1.9 71.7 3.6 68.3 -1.4 81.1
f2 11.7 32.5 1 2 . 1 36.0 10.9 30.1
æ f1 9.9 64.2 12.3 67.5 5.2 47.5
f2 36.8 10.3 39.0 -17.9 32.2 14.8
Table 8.2 Results o f F-scaling F^  and F2  o f the vowels /a / and /æ/ for 
results derived from inverse filtering (Experiment 2) and formant 
frequency analysis (Experiment 3).
It seem s d ifficu lt to interpret the formant frequency d ifferences  
betw een  boys and girls and betw een  their spoken and sung v o w e ls  
without more detailed inform ation o f  voca l tract d im ensions, and any  
future research should take this variable into account.
8.4 Conclusions
8.4.1 Present findings
The results show ed som e, but not all trends in the group data w ere  
consistent w ith the findings o f  studies o f  adults. There w as substantial
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ev idence o f  differences betw een  boys and girls in the results o f  all three 
experim ents. T hese differences w ere often  sim ilar to those p reviously  
found betw een  m en and w om en  although som e o f  the expected  
relationships betw een  m easurem ent variables w ere not observed in  the  
present data. C onsistent w ith  findings from  previous acoustic and 
aerodynam ic studies o f  the vo ice , inter-subject variability for these  
subjects w as high. W here error estim ations w ere not included in  the 
discussion , the presence o f  errors in the data should be assum ed. 
H ow ever, the present work has focused  on general trends in  the data 
(betw een  conditions and betw een  sexes) rather than the m ore detailed  
variations betw een individuals or groups. W hatever the subject group, 
v o ice  characteristics are h igh ly  variable betw een  tw o productions o f  an  
utterance even  w hen  each is produced by ju st one subject. H ow ever, the  
results presented in this thesis are intended as an indication o f  v o ice  
behaviour in children (and in boys and girls separately). T he present 
findings are thus o f  use as a basis upon w hich  to test theories o f  v o ice  
production and developm ent in children.
The developm ental anatom ical evidence suggests that, by  later 
childhood at least, som e differences in acoustic and aerodynam ic  
m easurem ent w ould  occur betw een  boys and girls. It is a lso p o ssib le  that 
significant sex-sp ecific  articulatory behaviours occur during ch ildhood  
w hich  enhance sex  distinctions in  vo ice . The im plications are o f  
particular importance to investigations o f  the psychoacoustic aspects o f  
speech  and v o ice  and further study in this direction w ou ld  be b eneficia l.
From the present research, the fo llow in g  sex  d ifferences can be  
sum m arised as fo llow s:
(a) w ith regard to L TA S, contours differed significantly  b etw een  sex es  
on ly  in the 1-2 kH z region where the shape w as con vex  for girls and  
concave for boys;
(b) w ith regard to LTA S energy peaks, these tended to be at s ligh tly  
higher centre frequencies in the g irls’ data than in the b o y s’ data;
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(c) w ith  regard to LTA S energy gain, as loudness increased higher  
frequencies gained m ore in  energy than low er frequencies for all subjects, 
but this effect w as greater for girls than for boys;
(d) w ith  regard to LTA S gain factor peaks, m axim um  gain as overall 
intensity increased w as at 1.75 kH z for boys but at 3.5 kH z for girls;
(e) w ith  regard to A C  flow , the am plitude o f  glottal flo w  p ulses w as  
significantly greater for b oys, suggesting they had longer voca l folds;
(f) w ith  regard to m inim um  flow , glottal leak w as significantly  greater 
for boys;
(g) w ith  regard to formant frequencies, and F2  w ere low er for boys  
for both speech  and singing, suggesting longer voca l tracts in  boys;
(h) w ith  regard to form ant-scaling, the m ale-to-fem ale formant 
frequency increase w as different w ith in  each v o w el category.
The present findings sh ow  no clear ev idence to im ply a greater 
degree o f  breathiness in  either g irls’ or b o y s’ v o ices. H 1-H 2  w as  
statistically the sam e for both groups, as w as the relative energy in  the 
area o f  the third formant, although both o f  these m easures dem onstrated  
slightly greater values in the g irls’ data. H ow ever, glottal leak  w as  
statistically greater in m ales than fem ales w h ich  is an indication  that 
perceived breathiness could be m ore likely  in these boys. Such a 
hypothesis needs to be tested using perceptual studies to present clearer 
evidence. The results o f  such studies w ould  be o f  w id e interest, and it 
has been reported that breathy v o ice  quality in  both speech  and sing in g  is  
an indicator o f  the onset o f  puberty (C ooksey, personal com m unication; 
W eiss, 1950).
The results o f  the present experim ents have revealed there are m any  
differences betw een b o y s’ and g irls’ v o ice  function, and this supports the  
idea that differences in timbre also exist. A s yet, som e discrepancies  
ex ist betw een  data from different studies, p ossib ly  as a result o f  the 
variability betw een children, betw een  cultures and languages, b etw een  
m easurem ent techniques, or all these factors com bined. H opefu lly , 
interest and research in children’s v o ices  w ill continue to increase as
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awareness grow s o f  the gaps in our k now ledge, and o f  the need to  
develop  an appropriate and m eaningful m odel o f  ch ild  v o ice . M ore 
investigations are needed from  a greater num ber o f  cultures and 
languages, and from a w ider age range, to add w eigh t to the grow ing  
understanding o f  children’s v o ice  use and the im plications for clin ica l 
practice and pedagogy.
8.4.2 Applications and future research
A  typical reaction to n ew  research results is to ask what are the 
applications. A lthough an important question, the primary task o f  the  
research is to ensure the results are valid. A  secondary but not obligatory  
task is to m ake suggestions for the application o f  resulting data. That is 
not to say such a task should be taken lightly. The m isu se o f  sc ien tific  
results is undesirable for obvious reasons and it is  essential that all w h o  
seek  to apply them  should have a clear understanding o f  the theory  
behind and lim itations o f  experim ental research.
The basic principle o f  research in natural scien ces is to  ex c ise  a 
w ell-d efin ed  problem  and so lve  it by carefully designed  and controlled  
experim ents. This im plies a reduction o f  the num ber o f  experim ental 
parameters. The opposite demand is desired by those w h o w ish  to apply  
the results to ‘real w orld’ situations w h ich  are norm ally m ore 
com plicated  than a laboratory setting. A  paradox often  ex ists  b etw een  
these tw o, therefore, but com prom ising experim ental integrity is not a 
solution.
The present research results are lim ited  in important respects w h ich  
im plies the direct application to singing p edagogy requires som e caution. 
For instance, the majority o f  the subjects w ere 11-year-old  experienced  
singers and their level o f  ability fe ll som ew here along a continuum  w h ich  
can be described as ‘u nskilled’ to ‘sk illed ’ .^ This satisfied  the
For reasons o f clarity, the present subjects have not been described as ‘trained’ singers. 
Training implies a formal approach to singing pedagogy as might be applied to professional 
singers and/or soloists. Relatively few children, and certainly not the present subjects, could be 
described as trained in this sense, therefore. To describe the subjects as ‘untrained’, however, is
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requirem ents o f  the present research as the singing experience o f  the 
subjects w as not under investigation, but rather the effects o f  varying  
intensity and pitch. But this raises a question as to whether these results 
can be applied to the description o f  a cathedral chorister’s vo ice , or the 
v o ice  o f  a child  w ith  relatively little singing experience. A  further 
lim itation is an important one relating to analysis m ethods. Inverse 
filtering w as restricted to v o w e ls  produced at fundam ental frequencies o f  
330  H z or less. The children produced these frequencies in  the so-called  
lo w  or chest register (W ürgler, 1990). It cannot be excluded  that w hat is  
salient for the child choral sound is m ore dependent on  v o ice  u se in  the 
m iddle or higher register. A ccording to M cA llister et al (1996), there is a 
register transition in children’s v o ices  at around 472  H z {ie around A#^) 
in  both soft and loud phonation. It is not p ossib le to analyse such h igh  
fundam ental frequencies w ith  the presently available m ethods, and so  it 
w as necessary to abandon that part o f  the planned analysis. It has been  
difficu lt to draw conclusions from  the present results, therefore, w ith  
regard to the effects o f  pitch variation. N e w  m ethods are needed  w h ich  
allow  for higher-pitches to be studied also.
N evertheless, the questions asked by  singing pedagogues cannot be 
answered fu lly  w ithout know ledge o f  the v o ice  function o f  less-sk illed  
children, and basic research continues to be essential to the establishm ent 
o f  such know ledge. W ithout a good  theoretical understanding o f  the 
instrument function, pedagogy m ust resort to experience, trial-and-error 
and intuition. Unfortunately, this invites anecdote, superstition, m yth  and  
even  religious bias. It has n ow  been established that b o y s’ and g ir ls’ 
v o ices  are different, at least by the age o f  11 years. A  consequence for  
vocal pedagogy could be, for exam ple, to direct these v o ices  toward a 
m ore sim ilar timbre or to tw o different timbres. A  further exam ple is  the  
finding that children need greater subglottal pressures to phonate relative
equally misleading and does not clearly differentiate between them and children with relatively 
little singing experience. Therefore, the term ‘skilled’ is used here to refer to experienced choir 
singers whilst ‘less-skilled’ refers to the majority o f schoolchildren, ie those who do not 
participate in a choir.
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to adults. This has im plications for singing, particularly loud  sing in g  and 
prolonged vocal activity. A s M orrison et al (1994) point out, children  
m ay not yet p ossess the sk ill to recogn ise the strain on  their v o ices  and  
the dam age that m ay occur as a result. A dults need to recogn ise the  
differences betw een what they th em selves are capable o f  and the relative  
lim its o f  children’s vocal function. The research results presented here 
provide evidence to prom ote good  and healthy vocal practice in  children, 
and should encourage strong links betw een  educators and scientists.
It w ou ld  also be o f  benefit to teachers, clin icians and others 
w orking w ith  children to be provided w ith  evidence such as has been  
presented here. Quite sim ply, i f  professionals have a clear idea o f  w hat is  
norm al v o ice  behaviour in children, they w ill be better equipped to m ake  
accurate assessm ents o f  the children in  their care, and detect problem s 
w hen  they occur. Furthermore, once problem s have been  d iagnosed , a 
suitable program o f  therapy and rehabilitation can be d esigned  w h ich  
includes treatment based on  the know n function and lim itations o f  
children’s vo ices. H ow ever, m ore research is needed, for instance  
investigations o f  adolescent vo ice , to com plem ent the present w ork and  
to provide a m ore com plete picture o f  the develop ing v o ice  in  childhood.
A natom ical evidence, although sketchy, has dem onstrated  
important aspects o f  vocal tract grow th and change throughout ch ildhood , 
the acoustic consequences o f  w h ich  have not been  fu lly  explored. 
A coustic  theory is based largely upon results o f  adult v o ice  m easurem ent. 
It is apparent that, as children are not m erely sm aller versions o f  adults 
but are structurally and functionally different from  adults, the theory o f  
adult speech and vo ice  production does not su fficien tly  describe  
children’s vocal characteristics. Children’s voca l tracts are not on ly  
sm aller, but have a proportionately shorter pharynx length com pared to  
adult m ales. The formant frequency d ifferences found b etw een  sp eech  
and singing were hard to interpret in terms o f  articulatory/vocal tract 
changes. H ow ever, the present formant frequency results su g g est this 
aspect o f  children’s v o ice  and speech  needs to be investigated  further. A
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m ethod o f  acquiring m ore anatom ical data could  be found in m agnetic  
resonance im aging (MRJ), a prom ising technique w h ich  has already been  
applied to the study o f  adults (Baer, Gore, G racco and N y e , 1991; Story, 
T itze and H offm an, 1996). M ore accurate voca l tract and v o ice  source  
m odels, based on  acoustic and anatom ical results o f  studies o f  children, 
should be devised. Source-filter theory needs to be tested  m ore fu lly  
w ith  respect to younger vo ices, and consideration should be g iven  to the 
possib ility  that m odels based on  this theory m ay need adapting for 
children’s vo ices. The w ork needed to provide these m od els is 
com plicated further by the developm ental (age and sex) aspects o f  
children’s v o ice  production. The success o f  this kind o f  research depends 
greatly upon convincing scientists and engineers, perhaps already sk illed  
in  this area w ith  regard to adults, that children’s v o ice  developm ent is an  
important topic and one w hich  needs im m ediate attention.
There are m any im plications for future research w ith  children and it 
w ould  be impractical to suggest they could  all be listed  here. In general, 
it is o f  som e importance that w e increase our k now ledge o f  the grow th  
and developm ent o f  the structures necessary for speech  from  birth to  
adulthood. It is also o f  interest to identify the differentiation that occurs 
betw een sexes, and the ages or stages o f  developm ent at w h ich  they  
occur. M ost obvious but, perhaps, least practical, is the need  for greater 
anatom ical evidence. M ore evidence is needed regarding factors 
affecting formant scaling, and the likely  sources, either structural or 
behavioural, o f  sex  differences.
The fo llow in g  are som e suggestions for research im plicated  
sp ecifica lly  by the present findings.
(a) A s a number o f  sex  differences have been identified  acou stica lly  in  
this study o f  children’s vo ices, it w ould  be o f  great interest to conduct 
perceptual tests from the recordings. Perceptual testing, using  
experienced listeners, could help h ighlight those aspects o f  the acoustic  
signal w hich  g ive  rise to sex  identification, and/or other v o ice  quality  
judgem ents, such as breathiness.
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(b) A  particularly interesting question concerns whether these results 
are sufficient to explain  perception o f  the child  vo ice . O ne w ay  to test 
this is to use v o ice  synthesis. A nalysis-by-synthesis is the study o f  the 
perceptual outcom e o f  applying certain acoustic parameters to  a sound  
source. Q uite sim ply, the parameters resulting from  the present 
investigations could  be program med into a v o ice  synthesiser and the 
results evaluated w ith  regard to the perceptual likeness to a ch ild ’s v o ice , 
and m ore sp ecifica lly  to a boy or g irl’s vo ice.
(c) It w ould  be o f  benefit to repeat these m easurem ents w ith  a range o f  
age-groups, and w ith less-sk illed  children. A s som e discrepancies w ere  
found betw een  the present data and findings from  other studies o f  
children, the know ledge-base o f  children’s voca l activity needs to be 
increased further. A lthough the present subjects w ere experienced  
singers, the tasks w ere fairly sim ple and p ossib ly  could be adapted to  
ach ieve successfu l responses from  even  young children.
(d) The present findings provide data descriptive o f  young, healthy, 
speaking and singing vo ices. A spects o f  training, and sex  effects, cou ld  
be studied m ore c losely , how ever. For exam ple, the am plitudes o f  F 3  to  
F 5 relative to low er formants has been found to be an indication  o f  the  
effects o f  singing training on  the v o ice  in adults (the singer’s formant, 
Sundberg, 1974).
(f) This research has revealed several sex  differences in  form ant 
frequencies, LTA S and v o ice  source. A  question arising from  these  
findings concerns h ow  early this v o ice  differentiation happens in  life. 
Stathopoulos and Sapienza (1 997) found little d ifference in aerodym ic  
m easures betw een boys and girls b e lo w  the age o f  14 years. Previous  
research on sex  identification from the singing v o ices  o f  children aged  
b etw een  3 and 12 years (Sergeant and W elch, 1997) show ed  that the  
older the child, the greater the confidence and accuracy sh ow n  in  
listeners’ responses.
(g) A d olescence produces a number o f  v o ice  problem s for young  
singers and speakers, and a greater understanding o f  the v o ice  source
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characteristics o f  this age group should prove o f  benefit to those  
professionals concerned w ith  v o ice  training, care and rehabilitation. 
There is a need also to understand the process o f  maturation and v o ice  
change associated w ith  the onset o f  puberty. T he present data provides 
inform ation on  the pre-adolescent v o ice  w h ich  could  be used  to help  
identify stages o f  change in  later childhood.
(h) In the present investigation, f lo w  glottogram s have been derived  
from  production o f  the vow el /a /  as results cou ld  be m ore easily  
com pared to previous findings. Syllable repetitions using the v o w el /æ /  
w ere also recorded, how ever, and it w ould  n ow  be interesting to exam ine  
any v o ice  source characteristic differences found in  production betw een  
these tw o vow els. A lso , such an investigation  is particularly indicated  
from the finding o f  sex-sp ecific  vow el differentiation in  formant 
frequency location.
It is p ossib le n ow  to expand considerably the know ledge-base on  
child v o ice  for the benefit o f  vocal pedagogy, care and therapy. The  
essential too ls and m ethods are available and som e important ones have  
been tested in this research w ith  convincing results.
8.5 Summary of findings
Table 8.3 sum m arises the m ain findings from  the three experim ents and 
is provided as a reference source.
In conclusion, the investigations have dem onstrated the  
applicability o f  using standard analysis m ethods w ith  children i f  suitably  
m odified  for this purpose. The findings support the concept that 
children’s v o ices  are related to but different from  those o f  adults by  
providing evidence o f  where sim ilarities and differences occur. R esu lts  
have also show n that b o y s’ and girls’ v o ice  function differs sign ificantly  
at least by the age o f  10 or 11 years. F inally, the findings supplem ent the 
existing know ledge-base o f  v o ice  acoustics and aerodynam ics by  
providing data on  the v o ice  characteristics o f  children.
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LONG-TERM AVERAGE SPECTRUM
LTAS dem onstrated th ree  clear p eaks in the contour a t each  loudness level, representing Fi, F3  and 
F4  regions.
The highest (In frequency) two LTAS energy peaks w ere located a t higher centre  frequencies In the 
girls' da ta  than In the boys’ data.
The LTAS curve In the 1 to 2 kHz region w as convex for girls and concave for boys.
Boys had a  g reater spectral dynam ic range than girls: loud voice produced similar sound levels 
overall for both se x e s  but soft voice w as a t a  lower overall level for boys.
Higher partlals gained In amplitude a t a  g reater rate than lower partlals a s  loudness Increased, the 
g reates t gain for both se x e s  being betw een 1.75 and 3.5 kHz.
Higher frequency gain from soft to loud voice w as g reater In girls than boys. Below 1.75 kHz, gain 
w as the sam e  for both sex es.
A s loudness Increased, gain w as g reates t a t 1.75 kHz for boys and a t 3.5 kHz for girls.
UBGLOTTAL PRESSURE AND VOICE SOURCE CHARACTERISTICS
Increased subglottal p ressure  resulted In an Increase In loudness of phonation.
Subglottal p ressure  tended to be  higher In boys.
Subglottal p ressure  tended to Increase slightly a s  pitch Increased.
Subglottal p ressure  and H1-H2  w ere negatively correlated for girls but no correlation w as found for 
boys.
Subglottal p ressure  and AC flow w ere strongly correlated In the boys but. In the  girls, this w as only 
true for loud voice and a t the  highest pitch.
The girls’ H1-H2  values tended to be slightly g reater than the  boys’ values.
H1-H2  d ecreased  significantly a s  loudness Increased.
H1-H2  Increased significantly a s  pitch Increased but the effect w as significantly different betw een 
loudness conditions.
AC flow w as significantly g reater In boys.
AC flow Increased significantly with Increased loudness, and the difference betw een boys and girls 
In this respect w as also significant.
AC flow tended to Increase with a rise In pitch for boys but pitch variation had no effect on the  girls’ 
data.
The effect of pitch on AC flow differed significantly betw een loudness conditions, and th e se  effects 
w ere also significantly different betw een boys and girls, the difference being g rea te r for girls.
The range of closed quotient values from soft to loud voice, and from low to high pitch, w as g reater 
In boys than In girls.
C losed quotient Increased significantly a s  loudness Increased.
Increased pitch resulted In a  significant d ec rease  In closed quotient values although pitch variation 
w as small.
Minimum flow w as significantly g reater In boys.
Minimum flow results for boys show ed there w as less com plete glottal closure with decreasing  
loudness. Loudness variation had no effect on the girls’ Amin values.
As pitch Increased, A^in w as stable In girls, but tended to d e c re a se  In boys.
The effects of pitch variation on A^in w ere significantly different betw een loudness conditions, and 
this w as also significantly different betw een boys and girls.
FORMANT FREQUENCIES
A cross vowels, form ants w ere significantly higher In fem ales than m ales (9%). T he Increase for F2  
w as g reater (10%) than for Fi (7%). Similar differences w ere also found for singing.
Fem ale-m ale F-scalIng w as not consistent betw een spoken vowels, K-, being g rea te r than  average 
for /u/ and K2  being g rea tes t for front vowels.
Form ant frequencies w ere higher overall (10%) In sp eech  than In singing for both boys and girls. Fi 
w as lower acro ss vowels In singing, but F2  w as lower for open vowels and higher for c lose  vowels 
com pared to speech .
F-scalIng betw een sp eech  and singing produced a g reater than average  Increase  for F^ of close 
vowels.
The shifts In formant frequency betw een vowel type and voice type w ere similar for both sex es.
A plot of the F | to F2 relationship for Individual subjects revealed form ants for the  vowel /ae/ for som e 
boys were similar to form ants for the vowel loi for som e girls. This w as m ore ap p aren t In singing 
than In speech .
Table 8.3 Summary o f findings from experiments.
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Although not comprehensive, the following is a list of some 
possible physiological reasons for the acoustic results derived from the 
present data.
Measure
LTAS/formant frequencies:
steeper spectral slope
lower Fi
lower F,
Flow glottogram:
greater AC flow
greater DC flow 
greater
greater HpHj difference
Physiological cause
less complete glottal closure
higher tongue position for front vowels 
lower larynx 
raised jaw 
longer vocal tract
front vowels more open 
back vowels more close 
lower larynx 
longer vocal tract
longer vocal folds 
wider glottal opening
less complete glottal closure 
vertical movement o f the glottis
porportionately greater vocal fold contact per cycle
less complete glottal closure
Further research is indicated which would extend the present 
findings to take account of other age-groups, degrees of vocal 
development and singing experience. It is considered that the research 
detailed here provides a reliable knowledge-base both for children’s 
speech and their singing and is a foundation for further studies of 
children’s voices.
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Appendix D
Means of points of measurement used to create straight-line approximations of 
glottal flow waveforms.
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Individual subject data: Experiment 3
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Glossary of Terms
abduction 
AC flow
acoustic phonetics 
adduction 
adenoids 
amplitude
amplitude spectrum
articulation
arytenoid cartilages
movement o f the vocal folds away from each other
peak-to-peak (minimum to maximum) amplitude o f the 
alternating glottal airflow waveform
study o f speech sounds
movement o f the vocal folds towards each other 
see nasopharyngeal tonsil
maximum displacement (from zero) during one oscillatory 
period
a graphic display o f relative amplitudes o f the sinusoidal 
components o f a waveform as a function o f frequency
movement within the vocal tract (particularly the jaw, 
tongue, lips and larynx height) to produce speech sounds
pyramid-shaped cartilages to which the vocal folds attach
Bernoulli principle states an increase in velocity o f a liquid or gas causes a 
reduction in pressure such that pressure energy plus velocity 
energy is a constant
closed quotient 
cricoid cartilage 
crycothyroid muscles
portion o f glottal waveform where vocal folds are in contact 
expressed as a proportion o f the cycle
ring o f cartilage located directly inferior to the larynx and 
which is the first ring o f the trachea
intrinsic laryngeal muscles used to tense the vocal folds
decibels (dB) relative measurement
formant
Fourier analysis
fundamental frequency (Fo )
area of increased resonance o f the vocal tract, dependent 
upon articulatory positioning, identifiable in the spectrum as 
a peak in harmonic energy and labelled Fi, Fj, and so on (see 
source-filter theory)
separation by a mathematical process o f a complex 
waveform into its component parts
lowest frequency component o f a complex waveform
gain factor amount o f gain (multiplication factor) in amplitude per
x x x iv
glottal airflow 
glottal airflow waveform
glottal leak 
glottis
increase in overall sound pressure level
measure o f the volume o f  moving air per unit o f time
oral airflow waveform inverse filtered to remove the effects 
of vocal tract resonances
air leaking through the glottis during vocal fold contact 
space between the vocal folds
H,-H2
harmonic
Hertz (Hz) 
hyoid bone
amplitude of first harmonic minus amplitude o f second 
harmonic
component with a fi-equency which is an integer multiple of 
the fundamental
unit o f fi-equency (cycles per second)
horseshoe-shaped bone situated interiorly to the tongue and 
superiorly to the thyroid cartilage
kinematics study o f movement without reference to forces
larynx
LTAS
logopedics
structure situated in the neck, immediately superior to the 
trachea, consisting o f bony, cartilaginous and soft tissues
long-term average spectrum analysis which provides an FFT 
analysis o f a long portion o f waveform
European term for the practice o f speech and language 
therapy (both adults and children)
minimum flow 
muscularis bundle
difference between zero flow and mean o f closed portion of  
glottal airflow waveform
one of two muscular bundles forming the bulk o f the vocal 
folds
nasopharyngeal tonsil
nasopharynx
lymphoid tissue in the nasopharynx often hypertrophied 
during childhood but which generally atrophies after the 
onset o f puberty, also known as adenoids
region o f pharynx adjacent to nasal passages
pharynx
phase
region of vocal tract between the velum and larynx
angular separation between two events on a periodic 
waveform
XXXV
phonation
phoniatrics
conversion o f air pressure into sound
European term o f medical/surgical speciality o f voice 
disorders; laryngology
sinusoid
soft palate 
source-filter theory
spectral tilt
spectrography
spectrum
spectrum dynamic range
subglottal
subglottal pressure
graphic representation o f simple oscillation characterised by 
a single frequency, amplitude and phase
see velum
pulsating airflow from the glottis forms the source which is 
filtered by the vocal tract
measure o f energy in higher spectrum frequencies relative to 
lower frequencies
graphic display o f the frequency-by-amplitude components 
of a complex waveform over time
see amplitude spectrum
amplitude range (dB) between soft and loud productions 
area below the glottis
air pressure below the glottis {ie in trachea and lungs)
thryroarytenoid muscles
thyroid cartilage
thyromuscularis
thyrovocalis
timbre
trachea
transfer function
intrinsic muscles cormecting the thyroid cartilage and the 
arytenoids and forming the bulk o f the vocal folds
two cartilage plates joined anteriorly and forming the 
anterior... o f the larynx
see muscularis
see vocalis
subjective term to describe a quality or qualities o f the voice 
not defined by pitch or loudness
tube of cartilage rings between the larynx and the lungs
contribution of the vocal tract resonance to the resulting 
speech sound
velopharynx
velum
vocal folds
vocal tract
vocalis
vocology
region of the pharynx which lies approximate to the velum
soft tissue structure between nasal and oral passages, also 
known as the soft palate
soft tissue layered structures within the larynx which vibrate 
to produce sound
area o f respiratory tract between the glottis and the lips used 
for speech production
one o f two muscular bundles forming the bulk o f the vocal 
folds
science (and practice) o f vocal habilitation and treatment of
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voice disorders (Titze, 1989b)
voice source pulsating airflow resulting fi-om vocal fold vibration
voicing speech science term relating to sounds which include vocal
fold vibration in their production
x x x v ii
